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Abstract 
Sensory systems are important for any life task of an animal. Vision, and colour vision in particular, 
is essential for visual–based insects, such as Odonata (damselflies and dragonflies), many of which 
display colour patterns on their bodies. Numerous behavioural studies suggest that the diverse 
colour patterns function as a means for intersexual, intrasexual, interspecific, or intraspecific 
recognition and play a role in sexual selection, particularly in ischnuran damselflies that have sex-
limited polymorphism. However, to date there are no comprehensive studies linking behavioural to 
electrophysiological evidence to support the role of colour patterns and colour vision in mate choice 
in this group of insects. In my Ph.D. thesis, I investigated the function of body colouration and 
colour vision in sexual selection and communication of the Australian polymorphic damselfly, 
Ischnura heterosticta, and examined the mechanisms underlying its colour vision and colour 
discrimination ability. 
In an observational study (Chapter 2), I surveyed I. heterosticta reproductive behaviours and daily 
activity patterns in the field, providing the first detailed account of their colour morphs and 
behavioural biology. Andromorph females are blue like males, and gynomorph females have colour 
morphs in green, intermediate, and grey. Mating pairs, usually with gynomorphs, are formed after 
dawn and mating can last up to 3-4 hours. Oviposition occurs in the days after mating, and 
ovipositing females are subjected to aggressive male harassment, which varies with female 
colouration. These data provided the biological foundation regarding colour-based sexual selection 
in I. heterosticta investigated in the following chapters. 
In the next set of experiments (Chapter 3), I discovered a unique irreversible ontogenetic colour 
change in females of I. heterosticta: blue andromorphs are sexually immature individuals that 
emerge from nymphs. After 4 to 7 days, they turn into green-grey gynomorphs to signal their sexual 
maturity and advertise readiness to mate. Gynomorphs are the preferred mating partners, which 
suggests that blue andromorphs avoid unnecessary long mating during sexual immaturity through 
their male-mimicking colouration. This discovery provided the first indication that colour plays a 
key role in mate choice and that female polymorphism in I. heterosticta may be maintained via 
colour signals. 
In the next study (Chapter 4), I tested whether and how male mating preference was associated with 
colour cues by manipulating female body colours artificially. The outcomes strongly suggest that 
female body colouration is the key visual signal for mate choice in I. heterosticta. Males always 
preferred gynomorph females irrespective of female ratio or prior mating experience. Only under 
low ambient light males of I. heterosticta occasionally misidentified blue andromorphs as mating 
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partners, likely as consequence of the insufficient light. This finding provided the behavioural 
indication that ischnuran damselflies rely on colour vision for mate recognition. 
The next study (Chapter 5) examined the morphological structure of the compound eyes of I. 
heterosticta using histological approaches. The diameter of an ommatidium is about 10 μm, and its 
length can be up to 400 μm depending on the area of the retina. Several retinula cells were 
identified distributed along the ommatidium. This provided essential background information on the 
visual anatomy in this species, and the anatomical indication that I. heterosticta may have colour 
vision, which was investigated in the next chapter. 
I used electrophysiological approaches (Chapter 6) to investigate the spectral sensitivities of the 
visual system of I. heterosticta. The results showed that they have trichromatic vision, being able to 
detect UV, blue and green light. Contrast calculations confirmed that their colour discrimination 
ability enables them to distinguish the spectral differences of individual female morphs. These 
results were congruent with the behavioural findings from previous chapters, showing that I. 
heterosticta use colour signals for mate choice in context of sexual selection. 
The final study (Chapter 7) examined the molecular basis of colour vision in I. heterosticta, and 
investigated whether it is plastic and dependent on light experience. I identified three types of opsin 
genes in I. heterosticta, corresponding to three wavelengths of light (UV, blue and green), 
confirming that this species is trichromatic. I found that during development opsins are 
differentially expressed in nymphs (aquatic) and adults (terrestrial/aerial), and opsin expression also 
changes when individuals are reared or kept under different ambient light conditions. These 
findings were further supported by electrophysiological experiments, showing an equivalent change 
in response. This demonstrates that colour vision in I. heterosticta is plastic and that ambient light 
induces visual plasticity. This plasticity facilitates adaptation to the changing visual environments 
during development, and ensures that adults can detect the crucial colour cues that are key for mate 
choice and reproduction. 
This thesis is the first comprehensive study examining the functional role of colour vision and body 
colouration in a polymorphic ischnuran damselfly. This body of work also contributes important 
new insights into the mechanisms underlying sexual selection, evolution and maintenance of 
female-limited polymorphism in I. heterosticta. 
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General Introduction 
  
 2 
1.1 Introduction to Odonata 
Overview of Odonata biology 
Damselflies and dragonflies belong to the insect order Odonata, for which more than 
6,500 species have been described worldwide to date. They are ancient insects: their 
ancestor can be dated back to the Upper Carboniferous period (ca. 325 million years 
ago) based on the similar flight mode resulting from similar wing form (Wootton 1981, 
1988, Trueman 1996, also see review in Corbet 1999). The order Odonata has over 
600 genera, with two main suborders, Zygoptera (damselflies) and Anisoptera 
(dragonflies), and a minor suborder, Anisozygoptera. Damselflies and dragonflies can 
easily be distinguished based on the size and position of their eyes and the fact that 
when sitting damselflies fold their wings vertically, while dragonflies always keep 
their wings horizontally (Fig. 1.1). The size of Odonata ranges from small (wingspan 
of 17-18 mm for damselflies and 25 mm for dragonflies, respectively) to large (wing 
span more than 75 mm for damselflies and 190 mm for dragonflies, respectively). 
They are found on every continent except Antarctica, at all latitudes up to 70, and 
from low altitude to high altitude up to 6000 m (reviewed by Corbet 1999). The 
habitats they occupy are highly diverse, including creeks, lakes, ponds, lentic water, 
lotic water, and forests. Many Odonata species are brightly coloured, with the colour 
due to either pigmentation or structural colour depending on species. 
 
 
Fig. 1.1 The rest postures of a dragonfly (A) and a damselfly (B). When sitting on 
vegetation, a dragonfly always keeps its wings horizontally, and a damselfly folds its 
wings vertically.  
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Odonata are hemimetabolous insects, that is their life cycle includes several stages 
from eggs to water-dwelling larvae (nymphs) to adults, but it does not include a pupal 
stage (Fig. 1.2). Eggs require several weeks to hatch (Gribbin and Thompson 1990). 
After hatching, nymphs will go through several moults, which are mediated through 
hormonal control of ecolysis (Charlet and Schaller 1976). There can be between 9 and 
17 moults depending on the species (Corbet 1999). The nymphal period varies in 
length between different species from several months to one to two years. 
Environmental factors, such as temperature, photoperiod, and food availability also 
influence duration of the nymphal stage (Franchini et al. 1984, Corbet 1999). Nymphs 
are predaceous carnivores possessing an extensible, prehensile labium to catch their 
prey. Mostly, nymphs detect live prey via its movements, but dead or immobile prey is 
also visually recognized via its shape or by chemical cues (Rowe 1985). Sensory cues 
used for foraging vary at different developmental stages; using antennae to detect prey 
is important in the earliest nymphal stadia, but subsequently the compound eyes 
become more important for detecting prey items visually (Corbet 1999). The 
microhabitats that nymphs dwell in also affect which sensory cues are used for prey 
detection, e.g. nymphs that move among vegetation near the water surface rely on their 
large compound eyes, but those living at the bottom of a water body depend on their 
tactile sense likely due to reduced visibility in the surrounding medium (Pritchard 
1965a, b, Bay 1974, also see Sherk 1977). The neural and molecular mechanisms 
underlying this environment-driven sensory plasticity remain unexplored to date.  
After emerging into adults, Odonata live on vegetation near waterways where they 
prey on other insects. Odonata are excellent fliers, known for their aerial agility 
evident in their extraordinary capacity to chase and catch other flying insects. They are 
generalist predators, feeding on any creature they are capable of catching, with Diptera 
(flies) being the most commonly observed prey items, and Hymenoptera, Lepidoptera, 
other Odonata, Hemiptera and Coleoptera being secondary potential prey items 
(Higashi et al. 1979, Sukhacheva 1996, Baird and May 1997). Because they are such 
voracious predators, Odonata are beneficial insects for humans controlling a number 
of insect pests, such as mosquitos (Kumar et al. 2009). Odonata share their foraging 
niche with insectivorous birds, bats, and many other predatory insects, which means 
they can also become prey to other animals. 
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Fig. 1.2. The life cycle of a damselfly. After copulation (A), a female lays the eggs on 
floating vegetation underneath water (B); after eggs hatch, nymphs live in water for 
three to five months (C); nymphs then emerge out of the water and hatch into the adult 
form (D), which lives for three to four weeks (unpublished data; see also Chapter 2).  
 
The most important issue for Odonata after emergence into adults is reproduction. The 
life span of the adult form lasts from several weeks to months, and in some tropical 
species, individuals live for more than one year (Corbet 1999). Two selection forces, 
male-male competition (Cordoba-Aguilar 2002, Cordero Rivera and Andrés 2002), 
and female-choice (Van Gossum et al. 2001, Fincke et al. 2005, Takahashi and 
Watanabe 2009) drive mate choice in different species. The striking colouration of 
bodies or wings found in many Odonata in both males and females is crucial for 
mating success serving as visual indicator to signal sexual status, health, and condition 
(e.g. territory occupancy, parasite tolerance) to the opposite sex (Tsubaki et al. 1997, 
Plaistow and Tsubaki 2000, Hooper et al. 2006, Schultz et al. 2008, Van Gossum et al. 
2011, Sánchez-Guillén et al. 2013). These findings imply that Odonata have a well-
developed visual system. 
Indeed, Odonata have an excellent visual system with specialized capacities for 
catching flying prey and identifying mating partners. 80% of their brain function is 
dedicated to visual information processing (Corbet 1999). The visual system of 
Odonata can detect colour, polarization of light, and motion (Lavoie-Dornik et al. 
 5 
1988, Yang and Osorio 1991, 1996, Bernáth et al. 2002, Olberg et al. 2005). Clearly, 
vision is the main sensory modality of Odonata, with the other senses such as olfaction 
playing only a minor role (one case in a dragonfly, Rebora et al. 2012). 
 
Taxonomy and studies of Odonata in Australia 
Over 300 species of Odonata have so far been described in Australia, with 112 genera 
within 30 families, 12 of them belonging to Zygoptera (damselflies) and 18 to 
Anisoptera (dragonflies) (Theischinger and Hawking 2006). Early research on 
Odonata in Australia mostly focussed on species identification and distribution 
(Tillyard 1906 a,b, 1907 a,b, 1908 a-f, 1909 a,b, 1911 a,b, 1912, 1913 a-d, 1916, 1917, 
1921, Fraser 1954, Watson 1958, 1969). Some newer studies investigated the 
development of dragonfly larvae in more detail (Rowe 1991, 1992) and examined the 
use of both dragonfly and damselfly larvae as environmental indicators with respect to 
habitat conservation in Australia (Arena and Calver 1996, Hawking and New 2002). 
How environmental stressors affect the growth of damselflies and their habitat 
(Kefford et al. 2006), and the relationship between habitat structural complexity and 
foraging success has also been studied (Warfe and Barmuta 2004).  
More recently research in Australian Odonata has focused on physiological aspects of 
eye pigments and changes in chromatophores determining body colouration. For 
example, the common Australian blue-tail damselfly, Ischnura heterosticta was found 
to alter its body colouration according to ambient temperature (Veron 1976). Eye 
pigment migration in response to temperature fluctuations also results in change of eye 
colour in the dorsal ommatidia in both Austrolestes annulosus and I. heterosticta 
(Veron 1974, 1976, Veron et al. 1974). Using electrophysiological recordings from 
both photoreceptors and monopolar lamina cells, sensitivities to five types of spectral 
wavelengths were identified in the visual system of the dragonfly Hemicordulia tau 
were identified (Yang and Osorio 1991, 1996), but the decisive psychophysical or 
phsyiological evidence how these contribute to colour vision is yet to be provided (see 
also Briscoe and Chittka 2001, Kelber et al. 2003). Recently, a series of studies 
investigated motor neuron mechanisms, object-detection neurons and functions of the 
ocelli and optic neurons in Australian dragonflies (Van Kleef et al. 2005, 2008, 2010, 
Berry et al. 2006, 2007, Nordström and O’Carroll 2009, Nordström et al. 2011), 
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demonstrating the visual mechanisms underlying prey pursuit and prey capture. 
However, comparatively little research has been dedicated to understanding 
behavioural ecology and sensory neurobiology of Australian species with respect to 
colour vision and colour communication. 
 
1.2 Colour vision and colour patterns of Odonata 
Colour vision in Odonata 
Vision is the main sensory modality for Odonata; they rely on visual cues to search for 
mates, locate food items, catch prey, or avoid predators. Visual systems of Odonata 
have been investigated in many different species from all over the world (Autrum and 
Kolb 1968, Horridge 1969, Eguchi 1971, Laughlin 1976, Meinertzhagen et al. 1983, 
Lavoie-Dornik et al. 1988, Yang and Osorio 1991, 1996). Using intracellular and 
extracellular (electroretinogram, ERG) methods, up to five types of photoreceptors 
with spectral sensitivities ranging from UV to long wavelengths (330-630 nm) have 
been identified in Odonata (Autrum and Kolb 1968, Horridge 1969, Eguchi 1971, 
Laughlin 1976, Meinertzhagen et al. 1983, Lavoie-Dornik et al. 1988, Yang and 
Osorio 1991, 1996). This capacity to detect multiple spectral wavelenghts provides 
Odonata with the basis for colour vision, and the fact that 80 % of Odonata brain 
function is dedicated to visual processing further supports this (Corbet 1999). 
Considering the existence of different kinds of photoreceptors and the diverse colour 
patterns of Odonata (see next section), it is general assumed that these insects have 
colour vision. However, to date, there is no evidence that directly links any 
electrophysiological findings acquired from a specific species with this species' colour 
discrimination ability (Schultz et al. 2008, Van Gossum et al. 2011). Behavioural 
evidence is essential to demonstrate colour vision capacity in an animal (Kelber et al. 
2003), and associative learning of colours is an important paradigm to test whether an 
animal has colour vision (Von Frisch 1914). Similarly, understanding the spectral 
properties of photoreceptors is crucial for colour vision analysis (Lythgoe 1972, 
Menzel and Backhaus 1989a, b), as spectral sensitivity peaks and shapes may affect 
colour discrimination (Vorobyev and Osorio 1998, Vorobyev et al. 2001). Therefore, 
detailed integrated research into both the behavioural and neural mechanisms 
underlying colour vision in Odonata, its evolution and its ecological function is needed. 
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Body colouration in Odonata 
Many Odonata species display strikingly bright colour patterns on their bodies (Fig. 
1.3). These colours are based on either pigmentation or structural colour. Pigmentation 
is formed during development, with food intake influencing the speed of colour 
change (Gorb 1995, Corbet 1999, Gorb et al. 2000). Structural colours result from 
differences in internal structural composition: the light reflectance parameter of 
different cuticular layers varies, leading to angle-dependent variation in colour 
(Meadows et al. 2009, Kuitunen and Gorb 2011). The function of this body 
colouration in Odonata, particularly for intersexual or intrasexual selection, has been 
subject matter of much research, as detailed further in the next section. Colouration is 
a reliable signal for individual reproductive quality and sexual status. For instance, in 
the damselfly Mnais pruinosa costalis (Calopteryx), the dimorphic wing colouration 
of males represents the ability to hold a territory: orange-winged males occupy 
territories, but clear-winged males are sneaky non-territorial individuals (Higashi 1976, 
Suzuki et al. 1980, Watanabe and Taguchi 1990). A particular research focus of many 
studies was the phenomenon of female-limited colour polymorphism in damselflies, 
where females of a species occur in different colour morphs (Johnson 1975, Robertson 
1985, Hinnekint 1987, Miller and Fincke 1999, Fincke 2004). 
 
 
Fig. 1.3. The diverse colour patterns of damselflies (A-D), and dragonflies (E-H). 
Pictures were taken by Gerrut Norval.  
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Female-limited colour polymorphism in damselflies 
It is common for animals or plants to show colour polymorphism, particularly linked 
to intersexual aspects. Female-limited colour polymorphism is widespread in many 
taxa even though it may occur in only few species within the taxa, for instance 
butterflies (Vane-Wright 1984, Cook et al. 1994), hummingbirds (Bleiweiss 1992), 
marine copepods (Fava 1986). Damselflies, however, are a unique group that many 
species show sex-limited colour polymorphism (Askew 1988, Fincke et al. 2005, Van 
Gossum et al. 2008). In the case of butterflies, one morph of females mimics a 
distasteful or toxic species thus repelling predators, while the other one is usually 
cryptic to avoid detection by predators (Vane-Wright 1984). Why do female 
damselflies display colour polymorphism? Some birds feed on odonates, but so far 
there is no evidence that there are distasteful or toxic hence colour polymorphism is 
unlikely to have the purpose of predator avoidance. The most probable cause for 
female colour polymorphism in damselflies lies in sexual selection. 
Indeed, damseflies are highly suitable study animals for testing theories of sexual 
selection under natural conditions. Many damselfly species have intersexual and 
intrasexual dimorphism or polymorphism, and it is known that maintaining the 
colouration is energetically costly (Plaistow and Tsubaki 2000). Female-limited 
polymorphism in damselflies is well documented and it has been shown that this 
phenomenon is genetically controlled with a single autosomol locus having several 
alleles in a few species (Johnson 1964, Cordero 1990, Andrés and Cordero 1999, 
Sánchez-Guillén et al. 2005). Sexual conflict over the mating rates (with either 
frequency- or density-dependency) is considered as the main force to maintain colour 
dimorphism or polymorphism. Colour polymorphism also drives evolution of female 
choice and male-male competition. Female-limited polymorphism is particularly 
prominent in ischnuran damselflies, with andromorph females displaying colours 
similar to males, and gynomorph females having colour patterns distinctly different 
from males. Several hypotheses have been proposed to date to explain both the 
biological function of this polymorphism and the mechanisms underlying maintenance 
of female-limited polymorphism in ischnuran damselflies (Table 1.1).  
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Open questions regarding colour vision and colour patterns in damselflies 
Although a considerable amount of research has been conducted into colour vision, 
body colour patterns and behaviour of Odonata, only few studies (all with damselflies) 
have combined these aspects (Schultz et al. 2008, Van Gossum et al. 2011). Most 
studies reported either physiological discoveries regarding Odonata spectral 
sensitivities and colour vision (mostly in dragonflies, and only one example from 
damselflies), or behavioural results involving colour dimorphism (all in damselflies), 
but they did not link the two. However, only an integrated approach linking behaviour 
with the underlying physiological mechanisms will provide a complete picture of the 
function of colour vision and body colouration in Odonata, and shed light on how 
female-limited polymorphism is maintained in these insects. 
 
  
 10 
Table 1.1. Hypotheses for maintenance of female-limited polymorphism in ischnuran 
damselflies with focus on the role of andromorph females in the different scenarios. 
 
Hypothesis Summary Reference 
*Male-mimicry 
hypothesis 
Andromorphs avoid unnecessarily long 
matings (sexual harassments) due to their 
male-like appearance.  
Robertson 1985, 
Van Noordwijk 
1978 
Reproductive-
isolation 
hypothesis 
Andromorphs avoid mating with 
heterospecific species when sharing the same 
habitat, while gynomorphs mate with other 
species. 
Johnson 1975, 
De Marchi 1990 
*Density-
dependent 
hypothesis 
Female colour polymorphism varies based on 
population densities. Andromorphs avoid 
unnecessary male harassment in high-density 
populations, but they might fail to mate in 
low-density populations.   
Hinnekint 1987, 
Cordero 1992, 
Cordero and 
Andrés 1996 
Frequency-
dependent 
hypothesis 
Frequency of female morphs varies within a 
population; males recognize the dominant 
female morph (either andromorphs or 
gynomorphs) as a mating partner.  
Miller and 
Fincke 1999, 
Fincke 2004 
Signal detection 
model (new 
male-mimicry 
hypothesis) 
Andromorphs are detected more often by 
males, and their imperfect mimicry results in 
similar mean mating frequencies for 
andromorphs and gynomorphs.  
Sherratt 2001 
Null hypothesis Female polymorphism is independent of 
natural or sexual selection.  
Fincke 1994, 
1997 
*Both “Male-mimicry hypothesis” and “Density-dependent hypothesis” are evoking 
the same selective advantage, namely avoidance of male harassment. The former relies 
on body colouration as the only factor to determine mating opportunities, but the latter 
considers both body colouration and population size as factors to avoid mating for 
andromrophs.    
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1.3 Study species: Ischnura heterosticta (Zygoptera, Odonata)  
The damselfly Ischnura heterosticta is also known as common blue-tail, and is 
distributed throughout Australia including Tasmania. As their English name suggests, 
these damselflies are very common in nature, and are easily observed near slow 
flowing or still waters, which are their preferred habitats as adults. They are even able 
to tolerate salinity in their aquatic environment and can hence be found near brackish 
waters (Kefford et al. 2004, 2006). The nymphs of I. heterosticta prefer sluggish or 
still water, and live on submerged macrophytes. The adult sizes range from small to 
medium in size with wingspans ranging from 25 mm to 50 mm (Theischinger and 
Hawking 2006). The wings of I. heterosticta are transparent with no significant 
pigmentation or structural colour. The pterostigma is white to light brown. The thorax 
of male adult I. heterosticta displays a striking blue colouration. Female adults display 
a prominent colour polymorphism (Tillyard 1905). One female colour morph is 
andromorph, with the colour pattern the same as that of males; the other female colour 
morph is gynomorph, displaying variations of a green-grey thorax (for further detail 
regarding colouration in female I. heterosticta see Chapters 2 and 3). Although this 
female-limited polymorphism in I. heterosticta has been first described over a century 
ago, nothing was known regarding its function or the mechanism underlying its 
evolution and maintenance.  
Besides their ability to tolerate salty environments, very little was known about I. 
heterosticta physiology and behaviour in general, let alone the neural mechanisms 
driving their behaviour. Inspite of I. heterosticta being so common, no further research 
was dedicated to this species to date. The striking male colour as well as the colour 
dimorphism in females suggests that (a) colour plays an important role in 
communication involved in mating strategies and mate choice of I. heterosticta; and (b) 
that both male and female I. heterosticta may have colour vision to discriminate the 
qualities of rivals or mates based on body colouration. Investigating these hypotheses 
and increasing our knowledge of the sensory ecology and neurobiology of this 
damselfly species was subject matter of my thesis. 
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1.4 Thesis aim and overview 
Colour is of major importance to Odonata biology, and the diverse colour patterns of 
the Australian damselfly Ischnura heterosticta suggest that this species has colour 
vision and that it may rely on body colouration as signal for mate choice and sexual 
selection. My thesis aims to investigate colour vision and the function of colour 
polymorphism in I. heterosticta in an integrated fashion, using multiple approaches, 
including field observations, behavioural experiments, electrophysiological 
investigations, and molecular techniques. 
In Chapter 2, field observations were used to record the reproductive biology and 
daily activity patterns of I. heterosticta. This study represents the first description of 
this species’ biology, a detailed account of its various colour morphs and of its mating 
behaviour, providing essential biological knowledge for the next chapters.  
Chapter 3 reports the discovery of a unique female colour change pattern in I. 
heterosticta, namely that all blue andromorph females change colour to green-grey 
gynomorphic within days after emergence. Field observations and laboratory 
experiments were conducted to investigate the function and signaling role of this 
unique colour change in sexual selection and reproduction. 
In Chapter 4, a series of bioassays was conducted during which female body colour 
and morph frequencies of I. heterosticta were artificially manipulated, to determine 
whether female body colour is in fact being used as visual signal for mate recognition, 
and whether prior experience with female morphs plays a role in mate choice.  
Chapter 5 describes the structure and cellular anatomy of I. heterosticta compound 
eyes using histological approaches. This provided essential background information on 
the visual anatomy of this species, which is the basis for the electrophysiological 
investigations of the next chapter.  
Chapter 6 investigates the existence and function of colour vision in I. heterosticta. 
Electrophysiological techniques were applied to determine spectral sensitivities, and 
the spectral reflectance from the bodies of the different morphs was recorded to 
investigate whether they match the spectral sensitivities. Then, a model was applied to 
examine colour discrimination ability between the different morphs based on the 
species' actual spectral sensitivities. 
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Chapter 7 examines the molecular basis of colour vision and the mechanisms 
underlying visual plasticity in response to ambient light environments in I. heterosticta. 
This species' habitats include both aquatic and terrestrial/aerial environments, which 
have very different spectral compositions, suggesting that I. heterosticta colour vision 
changes during development. Molecular approaches were used to determine opsin 
gene expression in both nymphal and adult stages in response to the ambient light 
environment experienced. 
Chapter 8 provides a general discussion of this body of work, the implications of the 
findings, and future directions. 
 
1.5 Reconciling terminology used in this thesis 
At the start of this thesis, knowledge regarding to the biology, colour polymorphism 
and reproduction of Ischnura heterosticta was very limited. As the work progressed 
and new discoveries were made, the initial interpretations made in the early chapters 
regarding the different female morphs had to be revisited and the terminology in the 
later chapters was modified accordingly. Here, I present an overview of the 
terminology used in the different chapters to allow for easy reference and comparison 
(Table 1.2), and a summary of the discoveries leading to changes in terminology. 
Based on literature (Tillyard 1905), I knew that females of I. heterosticta were 
polymorphic having both andromorph (male-like) and gynomorph/heteromorph 
(different from male) forms. When discovering in Chapter 3 that andromorphs (blue 
females) underwent a colouration change to green to denote their sexual maturity, I 
still assumed that the gynomorph form (green females) existed in parallel, emerging as 
green or green-grey and maintaining this colouration throughout their lifetime. This 
assumption was based on the existence of mature polymorphic females in other 
Ischnura species (Cordero 1990). However, only when rearing nymphs in the 
laboratory for Chapter 4, I discovered that all females of I. heterosticta underwent the 
same colour change scenario, that is, all females actually emerge and remain blue as 
immature individuals, and turn green when reaching sexual maturity. Hence, the 
polymorphism in I. heterosticta is a functional polymorphism. 
In this thesis, the immature blue females were always called andromorph or blue 
female. In Chapter 3 the additional term 'gyno-andromorph' was introduced to describe 
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individuals that changed from blue to green. However, as the later discovery that all 
females changed from blue to green showed, the distinction gynomorph vs gyno-
andromorph is unnecessary, as the two are in fact the same. Hence the term 'gyno-
andromoph' was no longer used in later chapters and all green females were called 
either gynomorph or green females. 
 
Table 1.2. Terminology used in each chapter for immature blue females (andromorphs) 
and mature green-grey females (gynomorphs). 
 Blue female Green female 
Chapter 1 Andromorph/blue female Gynomorph/green-grey female 
Chapter 2 Andromorph Gynomorph* 
Chapter 3 Andromorph Gynomorph/Gyno-andromorph 
Chapter 4 Blue female Green female 
Chapter 5 NA NA 
Chapter 6 Andromorph Gynomorph 
Chapter 7 NA NA 
Chapter 8 Andromorph/blue female Gynomorph/green female 
* In the publication incorporated as Chapter 2 (Appendix A: Odonatologica 41: 99-
107), the term used for green females was 'heteromorph'. In the actual Chapter 2, this 
was replaced by 'gynomorph' to keep terminology consistent for the thesis.  
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Chapter 2. 
 
The reproductive biology and daily activity patterns of Ischnura 
heterosticta (Burmeister) in Eastern Australia  
(Zygoptera: Coenagrionidae) 
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2.1     Introduction 
The reproductive behaviour of Ischnura heterosticta was observed at a pond in Fig 
Tree Pocket, Brisbane, Australia, from October 2010 to January 2011. In total, 769 
individuals were marked in the field for observations pertaining to the daily activity 
patterns and reproductive cycle of this species. Forty-one I. heterosticta pairs were 
collected and kept in the laboratory for detailed observations of the reproductive 
behaviours, copulation duration and oviposition, and to determine the duration of 
larval development. I. heterosticta started to form mating pairs from ca. 5:00 to 9:00 
AM, foraged from ca. 9:00 AM to 13:00 PM, and finally females oviposited mainly 
from ca. 13:00 PM to 16:30 PM. Oviposition usually occurred in the following days 
after mating. Mating pairs formed the tandem position for about 13 sec, then copulated 
in the wheel position on average for 195 min, and upon completion of insemination 
formed a tandem position again for about 12 sec. On average, females spent 145 min 
in actual oviposition, laying several hundred eggs on floating vegetation. Ovipositing 
females were not guarded by males. The eggs hatched within 10 to 21 days, and the 
larvae took three to five months to develop into adults. 
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2.2 Introduction 
An understanding of the biology of an animal is crucial for discerning the roles the 
organism plays in the ecosystems it is a part of. Its reproductive biology is particularly 
important since it involves sexual selection, which plays an important role in 
determining the fitness of a species and an indepth understanding of the reproductive 
biology of a species can thus contribute to the development of more comprehensive 
life-history models and is useful for elucidating phylogenetic relationships. 
In odonates, sexual selection plays an important role in adaptive radiation (Svenson et 
al. 2006). Odonates have complex reproductive behaviour displays (Corbet 1999) and 
members of the genus Ischnura have been shown to exhibit a variety of different 
reproductive behaviours (Paulson and Cannings 1980, Robertson 1985, Fincke 1987, 
Miller 1987a, Cordero 1989). In general, they tend to have long mating durations, with 
the exact duration varying greatly between and within species (Table 2.1). Females of 
Ischnura spp. usually mate several times during their life span. 
 
Table 2.1. Copulation duration of ischnuran damselflies. 
Species 
Range 
(min) 
Mean ± SD 
(min) 
Reference 
Ischnura elegans -- 324 ± 90 Miller 1987a 
Ischnura gemina -- 43.6 ± 27.4 Hafernik & Garrison 
1986 
Ischnura graellsii 38-329 189.2 ± 8.4 Cordero 1989 
Ischnura heterosticta 75-250 194 ± 45 This Chapter 
Ischnura rambura 90-400 202 ± 114 Robertson 1985 
Ischnura senegalensis  93-433 395.3 ± 11.6 Sawada 1995 
Ischnura verticalis  -- 43.5 ± 2 Fincke 1987 
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Currently, three Ischnura species are known to occur naturally in Australia. Both I. 
heterosticta, and I. aurora have a wide distribution throughout Australia and tend to 
prefer still water habitats (Theischinger and Hawking 2006). Ischnura pruinescens, on 
the other hand, is limited to the northern and eastern parts of Australia, where it 
inhabits riverine habitats (Theischinger and Hawking 2006). 
Ischnura heterosticta exhibits female-limited polymorphism, which is a common 
feature of the genus (Askew 1988). The thorax and tip of the abdomen of males are 
blue, with the remainder of their abdomen being of black and brownish colour on the 
dorsal and ventral sides, respectively (Fig. 2.1). The females, on the other hand, have 
four types of colouration. Andromorph females have exactly the same blue colouration 
pattern as the males. The other three types of females are gynomorphs and their 
colouration differs quite strikingly from that of the andromorphs. The gynomorphs can 
be categorized as: green, intermediate and grey gynomorphs, based on the colouration 
on their thoraces and abdomens (Fig. 2.1). 
 
 
Fig. 2.1. The different colour morphs of I. heterosticta. Top row: (A) a blue male; (B) 
an andromorph blue female; bottom row: (C) a gynomorph green female; (D) a 
gynomorph intermediate female; (E) a gynomorph grey female. 
 
There are only a few previous studies that focus on the biology of I. heterosticta. One 
study showed that blue I. heterosticta morphs, both males and females, could partially 
change their body colouration in response to temperature variations (O’Farrel 1964). A 
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series of other studies demonstrated that the larvae are capable of tolerating salinity up 
to 45-47 mScm
-1 
electrical conductivity (Kefford et al. 2003, 2004, 2006). The 
reproductive behaviour and general biology of this species are thus still poorly 
investigated. Therefore, here I present the first description of the reproductive biology 
and daily activity patterns of I. heterosticta in eastern Australia.  
 
2.3 Material and methods  
The in situ observations were made at a large pond, with an area of approximately 600 
m
2
, located inside Biambi Yumba Park, Fig Tree Pocket, Brisbane, Australia. The 
study was carried out from October 2010 to January 2011, five days a week, from 5:00 
AM to 17:00 PM. In this habitat I. heterosticta coexists with Agriocnemis pygmaea, 
Austroagrion watsoni, Austrolestes leda, Ceriagrion aeruginosum, Hemicodulia tau, I. 
aurora, Pseudagrion microcephalum, and Xanthagrion erythroneurum. Adult I. 
heterosticta were captured and marked, by writing a distinctive number on the left 
hind-wing, with a fine lead-free waterproof black ink marker pen, after which the 
insect was released. Observations of free-flying individuals were conducted using 
binoculars, which allowed identification of individuals via the numbers on their wings. 
All activities were recorded, with particular focus on reproductive behaviours. 
Forty-one I. heterosticta pairs were taken to the laboratory at the University of 
Queensland to make more detailed observations pertaining to the reproductive 
behaviours and copulation durations of this species, which are not possible in the field 
due to the distance between observer and insect. Pairs were kept in cages (45 x 45 x 45 
cm), with a tray containing water and moist soil in the bottom of the cage and artificial 
plants for perching. All reproductive behaviour was recorded and subsequently 
analyzed with respect to duration and sequence of the behaviours. 
To determine the average number of eggs laid after mating, 18 of the females were 
placed individually in small plastic containers (10 x 5 x 3 cm), which had a sheet of 
wet filter paper at the bottom for oviposition. After the females completed oviposition, 
the number of eggs laid were recorded and each container was filled with water to a 
depth of about 1 cm. The containers were kept at room temperature, with 12:12 hr 
light-dark cycles, to record the incubation period until hatching. 
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The eggs were used to investigate the duration of larval development. This was 
conducted in the laboratory, as it is impossible to track and observe I. heterosticta 
larvae in the field. Once the eggs hatched, the larvae were carefully isolated, and 
reared individually in separate containers to prevent cannibalism. Small rocks and 
some vegetation (Lemna sp.) were placed inside the containers to create shelters for 
the larvae. Brine shrimps (Artemia sp.) were used as food for the larvae while they 
were small; with increasing instar size they were fed water fleas or mosquito larvae. 
Time to full development was recorded. 
 
2.4 Results 
Daily activities 
Seven-hundred and sixty-nine I. heterosticta (387 males, 382 females) were captured, 
marked and released for observation. The major period during which I. heterosticta 
was observed mating was early morning, immediately after sunrise, from ca. 5:00 to 
9:00 AM (Table 2.2). Individuals that failed to form mating pairs, spent this time 
foraging or resting on vegetation at the water's edge. From ca. 9:00 AM to 13:00 PM, 
most individuals were foraging or feeding, while resting on vegetation around the 
water's edge or on the water surface. Occasionally, mating pairs were still observed 
during this period (14 cases in a three months observation period). Some males 
occupied floating vegetation as temporary territories. They patrolled and defended this 
area by chasing/attacking any intruders. However, not every male showed such 
behaviour and none of them occupied the same spot repeatedly or constantly for an 
extended period of time. In the afternoon, from ca. 13:00 to 16:30 PM, most females 
started to oviposit. Males showed no female-guarding behaviour while females 
oviposited, and tended to spend the time foraging or continued to defend the 
temporary territories. After 16:30 PM, most individuals sought shelter in the 
vegetation along the pond to rest.  
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Table 2.2. Daily activities of I. heterosticta observed in the field. 
Time Major activities Other activities 
5:00-9:00 Mating Foraging 
9:00-13:00 Foraging Mating; males patrolling and defending 
temporary floating territories 
13:00-16:00 Oviposition (females) 
Foraging (males) 
Males patrolling and defending 
temporary territories 
 
Mating behaviour 
After dawn, males sought out females, usually gynomorphs. When a male located a 
female, he grabbed her at the wing basis with his legs (Fig. 2.2 A) and then clasped the 
female's prothorax with his anal appendage to form the tandem position (Fig. 2.2 B, C). 
Courtship behaviours were never observed. The precopulatory tandem position lasted 
for 3 to 36 sec (mean ± SD: 12.8 ± 7.9 sec), after which the male swung the female's 
abdomen up and down, by means of wing beating, to initiate genital touching. If the 
female was receptive, she swung her abdomen forward and upward, to initiate genital 
touching and copulation (Fig. 2.2 D). Once copulation was initiated, the male moved 
his abdomen repeatedly forward and upward during the first half of the copulation 
period. This behaviour is believed to be associated with sperm removal (Miller 1987b, 
Cordero and Miller 1992, Sawada 1995, Tajima and Watanabe 2010). Mating pairs 
maintained this wheel position and remained at the same location most of the time. 
This stage occupied the largest proportion of the copulation time, which lasted a total 
of 75-250 min (mean ± SD: 195 ± 45 min) (Fig. 2.2 D). 
When they were disturbed by other males, or by avian or anthropogenic activities, the 
mating pair flew away for a distance of 1 to 10 m. Other males, irrespective of whether 
they were previously observed to defend temporary territories or not, always showed 
aggressive behaviour towards mating pairs; this often involved physical contact. Such 
aggressive behaviour persisted until the mating pair left the area or until the attacking 
male retreated. While in the wheel position, the mating pair usually perched on 
vegetation along the water's edge, and rarely rested on the water surface. Upon 
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completion of copulation, they formed the tandem position again for 8 to 17 s (mean ± 
SD: 12.4 ± 2.5 sec) (Fig. 2.2 E), after which the male and female separated.  
 
 
Fig. 2.2. Reproductive behaviour of I. heterosticta: (A) male grabs wing base of 
female to immobilize her; (B) male clasps female with anal appendage; (C) mating 
pair forms tandem position; (D) mating pair forms wheel position for copulation; (E) 
mating pair returns to tandem position after copulation. 
 
Oviposition and larval development 
Oviposition took place mainly from ca. 13:00 to 16:30 PM, although a few females 
were observed to oviposit earlier in the morning. Females, perching on floating 
vegetation, were observed embedding eggs among the roots of the vegetation. 
Ovipositing females very often altered oviposition location, and on average only 
remained at the same location for 100 to 476 sec (mean ± SD: 170 ± 110.4 sec) before 
moving to the next spot to continue laying eggs. The entire oviposition process of 
every female lasted for 45 to 212 min (mean ± SD: 145 ± 51 min). Females that mated 
in the morning were unlikely to oviposit that afternoon, and most probably only started 
oviposition during the following few days. Unlike many other Ischnura species 
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(Corbet 1999), I. heterosticta males showed no post-copulatory guarding behaviour 
and thus ovipositing females were often subjected to some harassment (personal 
observation, see also Chapter 3).  
Under laboratory condition, oviposition was recorded from 18 females. Each female 
laid 100 to 876 eggs (mean ± SD: 589 ± 234) and the eggs hatched, under laboratory 
conditions, within 10 to 21 days (mean ± SD: 14.3 ± 5.1 days). The larvae were 
transparent and usually hid underneath the sheet of filter paper provided or clung to 
the roots of the vegetation. Twenty-one of the larvae developed successfully into 
adults after three to five months (mean ± SD: 131 ± 45 days).  
 
2.5 Discussion 
The long mating period observed in I. heterosticta is a common trait of this genus 
(Table 2.1). It has been shown that the copulation duration can vary due to changes in 
the densities of the damselfly populations or the localities they inhabit (Miller 1987b, 
Cooper et al. 1996). The mating duration in I. heterosticta also correlated negatively 
with the time since mating was initiated as described in I. graellsii (Cordero 1990). 
This behaviour is important for sperm competition, because longer copulation is a 
mate-guarding strategy to prevent the females from re-mating before oviposition 
(Cordero 1990).  
Sperm competition plays an important role in sexual selection (Parker 1970, Smith 
1984), particularly in Ischnura species. Based on the evidence of sperm precedence 
comparisons among different species, it is clear that sperm displacement ability is 
widespread among temperate-zone zygopterans (Waage 1986). Sawada (1995) found 
that I. senegalensis started to remove the sperm from former matings within the first 
hour after copulation was initiated and executed sperm insemination one minute before 
the copulation ended. As for I. heterosticta, in the first half of the copulation period, 
males swung their abdomens upward and forward more often, suggesting that they 
were displacing the sperm of other competitors during this period. However, the exact 
amount of time spent on sperm removal and insemination is not certain.  
Waage (1984) defined postcopulatory behaviours into three types; oviposition in 
tandem; non-contact guarding; and the female ovipositing alone. Some coenagrionid 
species oviposit in tandem but in most Ischnura species this is not the case. Ischnura 
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heterosticta females oviposit without male-guarding behaviour. When females 
oviposited, they were subjected to male harassment, which varied according to their 
colouration (see also Chapter 3). 
The females changed oviposition localities very often, which is more than likely a 
strategy to reduce the risk of predation on the eggs and larvae by aquatic predators. It 
could also be a means of reducing cannibalism among siblings when they hatch. Under 
laboratory conditions, the eggs hatched within three weeks and the larvae turned into 
adults after three to five months. Due to the short larval development period, and 
because females mate and oviposit multiple times, I. heterosticta can be observed 
during the entire year. However, their major flight season is from October to March.  
Climatic factors play important roles in the reproductive behaviour of I. heterosticta. 
Wind conditions, in particular, had a great impact on the willingness to mate among 
individuals. When the weather was windy, few individuals were in flight and only a 
few mating pairs were observed in the early morning. I suspect that due to its small 
body size, I. heterosticta has difficulties counterbalancing strong winds, which means 
that, under such conditions, flight would require more energy and there would be a 
greater risk of injury. Rainfall was the second major factor that impeded the activities 
of I. heterosticta. They sought shelter among vegetation while weather conditions 
were unsuitable for them to be active. 
This study is the first detailed description of I. heterosticta reproductive biology and 
daily activity patterns. Many of the reproductive behaviours observed are in line with 
those described from other Ischnuran species (Table 2.1). A logical next step is to 
investigate whether and how female polymorphism is linked to different reproductive 
strategies and sexual selection in this species. 
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Chapter 3. 
 
Color change from male-mimic to gynomorphic: a new aspect of 
signaling sexual status in damselflies (Odonata, Zygoptera) 
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3.1 Abstract 
Body colour variations are used by many animal species to communicate their sexual 
state and are believed to have evolved through sexual selection. In damselfly species 
(Odonata, Zygoptera), females sometimes come in different colour morphs: 
gynomorphs and male-like andromorphs, pursuing different reproductive strategies. 
These distinct female colour morphs are usually mature females and their colour 
remains stable throughout the female’s life. Here, I show for the first time that blue 
andromorph females of the Australian damselfly Ischnura heterosticta, are still 
sexually immature, and change their body colour to green-grey gynomorph when they 
are ready to mate. The colour change occurs within 24 hours and is irreversible. Males 
of I. heterosticta rarely recognize blue andromorphs as potential mates, but mistake 
them for other males. The andromorphs thus avoid male sexual harassment, giving 
them the advantage of additional time to forage and sexually mature. The colour 
change to gynomorph signals the readiness to mate, and the former andromorphs have 
equal mating success after the colour change as other gynomorph females. Our results 
demonstrate that andromorph I. heterosticta use a complete and unique body colour 
change from male-mimic to gynomorphic to signal sexual maturity and regulate 
reproduction. Our discovery gives rise to a novel hypothesis regarding maintenance of 
female-limited polymorphism in Ischnura damselflies via this colour change 
mechanism.  
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3.2 Introduction 
The existence of different colour morphs among individuals of a population is a 
common phenomenon in many animal taxa, including vertebrates and invertebrates in 
both terrestrial and aquatic environments (Askew 1988, Endler 1992, Andersson 1994, 
Cordero and Andrés 1996, Bond and Kamil 2002). It can occur at different 
developmental stages and both inter- and intra-sexually. Colour is a crucial signal in 
animal communication: it plays a role in defence of territories, predator avoidance by 
presenting aposematic colours, but also in mate recognition and discrimination, and 
attraction of potential mates (Goodall 1986, Endler 1991, Endler 1992, Andersson 
1994, Bond and Kamil 2002, Ruxton et al. 2004). Body colour can change within 
individuals as a signal of sexual maturity, and to alert potential partners to their 
readiness to mate (Barrows 1979, Goodall 1986, Hinnekint 1987, Cordero 1990, 
Endler 1992). During courtship, body colouration serves as reliable indicator for the 
health condition or sperm quality of the signaller (Andersson 1994, Hill 1995). 
Having conspicuous colours involves a trade-off between the benefit of successfully 
completing mating and reproduction, and the costs of being easily detected by rivals 
and predators (Endler 1991, 1992, Gross 1996). Within a species, conspicuous body 
colouration including colour variation as sexual signal can be restricted to one gender 
only, playing a key role in sexual selection and mate choice by the opposite sex (Gross 
1996). When colour polymorphism is limited to males, it mostly plays a role in male-
male competition for access to females (Tsubaki et al. 1997, Plaistow and Tsubaki 
2000). Female-limited polymorphism is important for regulating male sexual 
harassment, which can occupy considerable female time thus impacting negatively on 
their energy budgets and leading to loss of female fecundity (Gosden and Svensson 
2007, Svensson et al. 2009, Bots et al. 2009). 
Damselflies of the family Coenagrionidae are well-known to have female-limited 
polymorphism, which is particularly widespread in the genus Ischnura
 
(Fincke et al. 
2005, Van Gossum et al. 2008). Mature Ischnura females have two or more morphs, 
with andromorph females displaying a male-like colouration, and gynomorph females 
expressing colourations distinctively different from males. Ontogenetic colour change 
is common in ischnuran damselflies, and serves as indicator of sexual status (Corbet 
1999, Takahashi and Watanabe 2011). Individual colour undergoes several variations 
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before reaching the final morph and mature stage within a week from emergence 
(Cordero 1990), and the final colouration remains stable once they reach maturity. 
Different female colour morphs in Ischnuran damselflies are thought to pursue 
different reproductive strategies, and several major hypotheses have been proposed to 
explain the maintenance of female-limited polymorphism in Ischnura damselflies, 
with discussion restricted to mature females (Johnson 1975, Robertson 1985, 
Hinnekint 1987, Cordero 1992, Miller and Fincke 1999, Van Gossum et al. 1999, 
Sherratt 2001). Male-mimicking andromorphs play a key role in sexual conflict during 
reproductive activities, which involve male mate searching behaviour in particular 
(mimicry hypothesis, Robertson 1985, Sherratt 2001; learned-mate recognition 
hypothesis, Miller and Fincke 1999). The existence of andromorphs truly depends on 
the ability of male mate recognition under different circumstances, such as variations 
of population densities and female morph frequencies, which determine the survival of 
andromorphs and the reproductive strategies they employ (Johnson 1975, Robertson 
1985, Hinnekint 1987, Cordero 1992, Fincke 1994, Miller and Fincke 1999, Van 
Gossum et al. 1999, Takahashi and Watanabe 2009). In a way, andromorphs could be 
considered the determining factor in the different hypotheses: they define the 
particular mechanism that maintains co-existence and balance between the female 
morphs in different Ischnuran species. 
In Australia, the common blue-tail damselfly, Ischnura heterosticta is widespread 
around still water habitats such as lakes, ponds, and lagoons inhabiting the vegetation 
surrounding the water (Theischinger and Hawking 2006). Male I. heterosticta have a 
bright blue thorax and abdominal tip, while females come in four distinct colour 
morphs similar to many other Ischnuran damselflies. Andromorph I. heterosticta 
females are also bright blue, identical in colour and pattern to males. Gynomorph 
females can come in a green, intermediate, and a grey morph (see Fig. 2.1, Chapter 2). 
O’Farrell (1964) documented for the first time that mature I. heterosticta could change 
colours as a protective thermoregulation mechanism. This study reported that blue I. 
heterosticta morphs (both males and andromorphs) could partially change their body 
colour depending on ambient temperature. When the temperature was below 12 C, 
andromorphs partially turned into a dull green-grey colour, but when temperature was 
above 15 C, they maintained the bright blue thorax. I repeated this study using seven 
males and ten andromorph females, and equally found temperature variation to induce 
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partial colour change (unpublished data). Importantly, this colour change was 
reversible with rising temperature.  
However, when rearing I. heterosticta in cages under controlled laboratory conditions, 
I discovered another type of colour change in andromorphs from bright blue to the 
same green-grey that gynomorph females display (Fig. 3.1). In contrast to the 
temperature-induced partial colour variation mentioned above, this new type of colour 
change was complete, irreversible, and independent of temperature. This raises the 
question of the function this drastic colour change may have with respect to inter-
sexual interactions and reproduction, and whether it plays a role in maintenance of 
female-limited polymorphism in I. heterosticta. Therefore, I investigated this colour 
change phenomenon in detail with respect to its biological function for mate choice, 
sexual signalling and reproduction. 
 
 
Fig. 3.1. Andromorph female colour change in the damselfly I. heterosticta. The 
example shown was marked first on 10
th
 November after emerging as blue individual. 
The colour change from blue andromorph female (A) to gynomorph (B) took place 
between 15
th
 and 16
th
 November within 24 hrs. Subsequent changes were from (B) 
green (16
th
 November) to (C) intermediate (17
th 
November), and (D) grey (18
th 
November) gynomorph.  
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3.3 Material and methods 
Ischnura heterosticta occur year-round near lagoons, streams and ponds in subtropical 
Queensland, Australia, where the experiments were conducted. Main season of activity, 
in particular for mating and reproduction is spring and summer (see Chapter 2). 
Mating in I. heterosticta usually occurs in the morning (5:00-9:00 AM), followed by 
foraging (9:00 AM-13:00 PM), and oviposition on floating vegetation in the afternoon 
(13:00-16:00 PM) (see Chapter 2). Field observations were conducted at Biambi 
Yumba Park, Brisbane, Australia from October 2010 to January 2011. A total of 767 
damselflies (383 males and 384 females) were marked individually on their wings 
with permanent marker for field observations. 
Laboratory experiments were conducted at the Queensland Brain Institute, Brisbane. 
Individuals were collected from the field and kept under controlled conditions in cages 
in the laboratory. The cages were made out of a corflute frame (45x45x45 cm) with 
30x30 cm windows on the sides and the top covered with white fine-mesh insect net 
for observation and ventilation. Pieces of aluminum foil covered the inside of the 
frame as well as the bottom to reduce escape behaviour by enhancing light reflectance. 
A tray out of foil with a layer of soil 2 cm deep was placed inside the cage, and water 
was sprayed three to four times a day to maintain sufficient moisture. Plastic plants 
were embedded into the soil to provide perching sites for damselflies. Damselflies 
were given ad libitum Drosophila flies as food. The diurnal temperature fluctuated 
between 21-32 °C in the field and maintained 27-28 °C under laboratory conditions. 
Observation of colour change in andromorph I. heterosticta 
The colour change was first recorded for 14 individually marked blue andromorph 
females under natural conditions in the field. The exact timing and process of the 
colour change was investigated in the laboratory: 27 blue andromorphs were placed 
individually in a cage (45x45x45 cm) straight after emergence, and observed up to 
seven days. Pictures of the individuals were taken every 3 to 6 hours once 
andromorphs (blue) initiated the colour change, until they had turned completely into 
gynomorphs (green/grey) within 24 hrs. Andromorph females that had changed colour 
were called ‘gyno-andromorphs’ to distinguish them from gynomorphs. After the 
colour change was completed, the individuals were observed continuously for any 
further colour variation for the following three to five days. 
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Female morph frequencies from overall population and from mating pairs 
Female morph frequencies from 1,354 mating pairs in the field and from the overall 
female population were determined daily for 22 days from 5:00-9:00 AM from 
December 2010 to January 2011. Under field conditions, gynomorphs and gyno-
andromorphs cannot be distinguished, and both morphs may have contributed to the 
overall frequencies recorded for gynomorphs. Morph frequencies were compared 
using G-test to investigate male mate preferences under natural conditions. 
Male binary mate choice 
Male binary mate choice experiments (n = 37) were conducted under laboratory 
conditions in cages (45x45x45 cm). One male had to choose between an andromorph 
and a gynomorph female, with the experiment continuing after andromorphs turned to 
gyno-andromorphs. Number of matings with the different female morphs before and 
after the andromorph colour change were recorded, and the results analyzed using χ2-
test. A total of 37 mate choice experiments were conducted, and each lasted from 2 to 
5 days. 
Benefits and costs for blue andromorphs 
I combined field studies with laboratory experiments to investigate the potential 
benefits and costs for reproduction that being a blue andromorph entails, and to 
explore how the colour change to gyno-andromorph would affect this balance.  
(i) Sexual status: To examine the status of sexual development of female I. 
heterosticta morphs, I determined the stored sperm volumes and egg numbers of each 
morph via dissections of their genital organs. Bursa copulatrix and spermatheca of 
different female morphs were dissected for sperm volume (Cordero and Miller 1992), 
and egg number estimations. 15 andromorphs, 17 gyno-andromorphs, and 41 
gynomorphs were analyzed. Due to lack of significant difference in sperm volumes 
and egg counts between the three types of gynomorphs, data for green, intermediate 
and grey gynomorphs were pooled. Means and standard deviation were calculated for 
statistical comparison using ANOVA with LSD cluster. 
(ii) Rivalry aggression: Occasionally, males of I. heterosticta are seen on the water 
surface defending floating vegetation as a temporary territory (see Chapter 2). These 
male occupiers pursue and chase any intruder to their territory, including females 
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using the floating vegetation for ovipositing or resting (see Chapter 2). This type of 
aggressive behaviour is called rivalry aggression. I observed individuals from both 
genders and all morphs (31 males, 22 andromorphs, 13 gyno-andromorphs, and 52 
gynomorphs) in the field, while they were perching on floating vegetation, and 
recorded the number of aggressive harassments/min received from males. 
Observations were conducted for ten minutes or until the individuals perching on the 
vegetation flew away. Data were analyzed using ANOVA with LSD cluster. 
 
3.4 Results 
Andromorph colour change 
All observed andromorph individuals, both in the field and the laboratory showed a 
complete colour change from blue to green/grey. The colour change began four to 
seven days after emergence, and was completed within 24 hrs (Fig. 3.1 A, B). A 
reversal of the colour change back to blue was never observed in any of 41 individuals. 
Andromorphs could change either directly into any of the grey, green or intermediate 
gynomorph forms, or change first into one gynomorph form and later into the other 
forms (Fig. 3.1 C, D), gradually turning into a duller colour, possibly signalling the 
current energy status or the thoracic temperature variation (Veron 1974). I have aptly 
named the former andromorph females ‘gyno-andromorphs’ after the colour change, 
distinct from the other gynomorph females.  
Female morph frequencies  
Observation of matings in the field (n = 1,354) showed that males displayed no 
frequency-dependent mate preference regarding female morphs (Fig. 3.2 A, B). That is, 
they preferred to mate only with gynomorphs, and ignored the presence of 
andromorphs altogether, although the andromorphs comprised ca. 7% of the entire 
female population (statistical comparison between Figure 3.2 A and Figure 3.2 B 
during the same time period: G = 2.253 (df= 3), p < 0.01 for 5-6 AM; G = 3.122 (df= 
3), p < 0.01 for 6-7 AM; G= 6.613 (df= 3), p < 0.01 for 7-8 AM, and G = 8.949 (df= 3), 
p < 0.05 for 8-9 AM). Only one out of 1,354 matings was with an andromorph female, 
suggesting that males did not recognize andromorphs as mating partners. 
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Male binary mate choice 
Controlled binary mate-choice experiments in the laboratory (n = 37) testing for male 
mate preference confirmed the results from field experiments. When males had the 
choice between an andromorph and a gynomorph female in a cage, they never chose 
the andromorphs as mate while they were blue (mating ratio andromorph : gynomorph 
= 0 : 37, χ2 = 37 (df= 1), p < 0.001) (Fig. 3.2 C). However, straight after the 
andromorphs changed colour and became gyno-andromorphs, males started to mate 
with them almost as frequently as with the gynomorphs (mating ratio gyno-
andromorph : gynomorph = 15 : 22, χ2 = 1.324 (df= 1), p = 0.249) (Fig. 3.2 C). 
Benefits and costs for blue andromorphs 
(i) Sexual status: Of 15 dissected andromorphs, none had sperm stored in either the 
bursa copulatrix or the spermatheca, in contrast to gynomorphs (n = 41) (Fig. 3.3 A) 
(ANOVA with LSD cluster, bursa copulatrix: F2,70 = 24.23, p < 0.001; spermatheca: 
F2,70 = 22.832, p < 0.001). After andromorphs turned into gyno-andromorphs, they 
began to receive sperm from males, and the sperm volume they stored was statistically 
not different from the sperm volume found in gynomorphs (see LSD cluster result in 
Figure 3.3 A). The lack of sperm in andromorphs is not necessarily a sign of being 
sexually immature, as it can be due to males mating less with andromorphs. However, 
when examining egg numbers, I found that andromorphs had significantly less eggs in 
their ovaries compared to gyno-andromorphs and gynomorphs (Fig. 3.3 B) (ANOVA 
with LSD cluster, F2,70 = 25.069, p < 0.001). Nine of the 15 andromorphs dissected 
had no eggs at all. A lack of eggs or low egg production is a characteristic of sexual 
immaturity in many animals including insects (Jay 1970, Fincke 1987, Cruz-Landim 
2000). This suggests that blue andromorph females of I. heterosticta are sexually 
immature, and that the colour change to gyno-andromorph signals sexual maturity and 
readiness to mate. 
(ii) Rivalry aggression: The experiment revealed that blue individuals, both 
andromorph females and males, were subject to significantly more aggressive 
harassment by other males than gyno-andromorphs and gynomorphs (Fig. 3.3 C) 
(ANOVA with LSD cluster, F3,114 = 26.0085, p < 0.001).  
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Fig. 3.2. Female morph and mating frequencies in the damselfly I. heterosticta. 
Female morph frequencies were recorded from (A) the overall population, and (B) 
mating pairs during 4 hours in the morning. Shown are means and SD, n = 22 days. 
For statistical comparison between (A) and (B) during the same time periods, see main 
text. (C) Male binary mate choice, showing the total number of matings from 37 
laboratory experiments, where one male was given a choice between an andromorph 
and a gynomorph female, before and after the andromorph changed colour (***p < 
0.001, n.s. not significant, G-test). 
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Fig. 3.3. Sperm volume, egg number and male rivalry harassments in female I. 
heterosticta. (A) Volume of stored sperm in bursa copulatrix and spermatheca of 
different female morphs, and (B) egg number as an indicator of sexual maturity of 
different female morphs. Shown are means and SD, n = 15 for blue andromorph, n = 
17 for gyno-andromorph, and n=41 for gynomorphs (***p < 0.001, ANOVA with 
LSD cluster; different letters inside bars signify statistical difference at p < 0.001). (C) 
Number of rivalry harassments per minute that males and different female morphs 
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received from other males while perching on floating vegetation on the water surface. 
Gyno-andromorph represents the andromorph females after colour change. Shown are 
means and SD, n = 31 for male, n = 22 for andromorph, n = 13 for gyno-andromorph, 
and n = 52 for gynomorphs (***p < 0.001, ANOVA with LSD cluster; different letters 
inside bars signify statistical difference at p < 0.001). 
 
3.5 Discussion 
This study describes a complete, irreversible colour change in female andromorphs of 
I. heterosticta from male-mimicry to gynomorphy, and provides evidence for the role 
this colour change may have as sexual signal to ensure successful reproduction. To my 
knowledge, this is the first demonstration of an ontogenetic colour change in 
andromorphs from male-like blue to a distinct gynomorphic green/grey that functions 
as a signal for sexual maturity. This finding gives rise to a possible new explanation 
for the mechanism that maintains female-limited polymorphism in I. heterosticta.  
Role of andromorph colouration 
Thoracic colour is an important visual cue for mate recognition in damselflies (Gorb 
1998). Ontogenetic colour change on thoraces is a common phenomenon in Ischnuran 
damselflies (Fincke et al. 2005) during the transition between immature and mature 
stages including both andromorphs and gynomorphs (Cordero 1990, Takahashi and 
Watanabe 2011). Andromorphs can go through a series of colour variations to display 
immature and mature status, always maintaining a male-like appearance, that is, 
staying andromorphs (Cordero 1990). In other Ischnurans, andromorphs maintain the 
same colour form in both stages (Takahashi and Watanabe 2011). Furthermore, a 
stable male-like colour has been shown to be a well-established sign for mature 
andromorphs (Hinnekint 1987, Cordero 1990).  
The functional role of andromorph colouration is crucial for the different hypotheses 
regarding maintenance of female-limited polymorphism: Andromorph colouration in 
mature females is thought to function as signal to avoid mating by applying frequency- 
and density-dependent strategies or a male-mimicry strategy to reduce the chances of 
being spotted and sexually harassed by males (Robertson 1985, Svensson and Abbott 
2005, Gosden and Svensson 2007). Our study, however, presents the first evidence 
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that the male-like appearance of andromorph females of I. heterosticta is a signal for 
sexually immaturity, demonstrated by the fact that they have fewer eggs and no sperm 
stored. The complete colour change to gyno-andromorph in I. heterosticta functions as 
signal that the andromorphs are ready to mate. This colour change phenomenon as part 
of reaching maturity means that female-limited polymorphism may only exist across 
immature and mature stages in I. heterosticta. In this species, it may therefore not be 
the andromorph colouration per se, but the actual colour change that is the mechanism 
for maintenance of female-limited polymorphism. 
Female morph frequencies 
Male I. heterosticta showed no female morph frequency-dependence with respect to 
mating preference. Males preferred to mate with gynomorphs, and only 1 of 1354 
mating attempts was with an andromorph female, although andromorph females of I. 
heterosticta comprise ca. 7% of the population. This suggests that males rarely 
recognize blue andromorphs as mating partners, or that blue andromorphs are not the 
preferred mating partners in the field. It is possible that males could potentially learn 
to recognize and accept andromorphs as mates, if the encounter rates were high, for 
example when andromorphs are present in sufficiently high frequency (Takahashi et al. 
2010). However, the results of our binary mate choice experiment do not support this 
possibility in I. heterosticta: although the ratio of andromorph to gynomorph was 1:1 
in this experiment, males preferred to mate with gynomorphs. 
Andromorph females only mated successfully after turning into gyno-andromorphs, 
suggesting that the colour change to gyno-andromorph functions as mate recognition 
signal ensuring mating and reproduction. The andromorph colour change makes I. 
heterosticta a unique system regarding encounter rates of different female morphs by 
males in the field. Gyno-andromorphs are undistinguishable from gynomorphs by their 
colour spectral reflection after the colour change (see Chapter 6), and all andromorphs 
eventually turn into gynomorph. Hence, andromorph frequencies can never reach a 
high level, and gynomorphs will always be the dominant morph in I. heterosticta. This 
needs to be taken into account when trying to find an explanation for maintenance of 
female-limited polymorphism in this species.  
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Benefits and costs 
Andromorphic colouration in I. heterosticta may have evolved to prevent unnecessary 
long-term mating and sexual harassment during sexual immaturity by mimicking male 
appearance. Considering Ischnura damselflies have an extremely long mating duration 
of up to several hours (Robertson 1985, Cordero 1989, Sawada 1995, see Chapter 2), 
repeated matings and sexual harassment by males clearly reduces the time females can 
invest in increasing their energy reserves or in sexual maturation (Corbet 1999, Sirot 
and Brockmann 2001). Adults of I. heterosticta only survive for two to three weeks 
after emergence, hence three to four hours of mating per day occupies a large 
proportion of their time, particularly when females receive repeated matings in a 
lifetime (see Chapter 2). Moreover, it was shown that the sperm volume females 
acquire from a single mating is enough to fertilize all the eggs they produce during 
their life span, likely making multiple matings unnecessary (Cordero 1990). We thus 
hypothesize that andromorphs of I. heterosticta have a significant advantage by 
avoiding mating with males during a stage when they need time to sexually mature 
and to build energy reserves. 
The conspicuous andromorph colouration may come with costs, for example increased 
predation pressure could be a possibility (Johnson 1975, Robertson 1985). I found 
andromorph females of I. heterosticta also bear the cost of rivalry aggression by males 
when perching on floating vegetation. Blue morphs, both males and andromorphs, 
received higher numbers of aggressive attacks than gynomorphs or gyno-andromorphs 
suggesting that males not only rarely recognize blue andromorphs as mates, but they 
even mistake them for other males and hence potential competitors due to their 
identical colouration. This rivalry aggression, which impedes successful oviposition or 
at least prolongs the oviposition process forcing females to frequently change location, 
is the price andromorphs pay for the advantage of avoiding sexual harassment. Hence, 
the colouration change is a crucial mechanism not only to signal readiness to mate, but 
also to avoid rivalry harassment during oviposition on floating vegetation. 
Maintenance of female-limited polymorphism 
Our study suggests that males rarely recognize blue andromorphs as mates, even 
mistake them for male rivals, and that the change in body colour is essential for gyno-
andromorphs to mate and oviposit successfully. This raises the question whether the 
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colour change in itself may be the ultimate mechanism for maintenance of female-
limited polymorphism in I. heterosticta. If andromorphs would not change colour 
when turning mature, the benefit of avoiding unnecessary sexual harassment during 
immaturity would become a serious disadvantage since males have difficulties to 
recognize andromorphs as mates, and andromorphs would therefore not mate and 
reproduce. Even if andromorphs would manage to mate, the change in body colour is 
crucial for successful oviposition. Eggs are being laid on floating vegetation, which 
male I. heterosticta consider temporary territories and defend aggressively. If 
andromorphs would remain blue, they would have difficulties completing oviposition, 
as they are mistaken for male intruders and chased away by defending males. A 
change to the inconspicuous gynomorph colouration ensures the gyno-andromorphs 
have sufficient time to successfully deposit their fertilized eggs after mating. 
It is feasible to hypothesize that, if andromorphs of I. heterosticta would not change 
colour they would fail to reproduce, and female-limited polymorphism in I. 
heterosticta would eventually disappear. I therefore propose that the phenomenon of 
female colour change reported here, not only plays a role in signaling sexual status and 
reproduction, but it is also the driving force for keeping andromorphs existing in the 
population, and for maintaining female-limited polymorphism in this species. Another 
possible scenario is that a change in selection pressures could potentially cause the 
andromorphs to become favoured, especially if they make up a larger proportion of the 
population, resulting in the loss of the colour change and fixation of the andromorph 
form. In this case males would consequently be selected to develop learned mate 
recognition (LMR), resulting in a system similar to that seen in many other damselfly 
species. While I cannot completely rule out this scenario, the current evidence strongly 
supports our hypothesis that the colour change is essential for maintenance of female-
limited polymorphism in I. heterosticta. Of course, extensive further research is 
required to support this novel hypothesis, such as determining the actual reproductive 
success of the different female morphs, investigating whether I. heterosticta is 
physiologically capable of detecting relevant body colour signals, and how they 
potentially use colour vision for mate choice and sexual selection. Continued work on 
this interesting species should also provide valuable new insights into the evolution of 
female polymorphism within Ischnura.  
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Chapter 4. 
 
Female colour as a reliable cue for mate recognition in I. heterosticta 
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4.1 Abstract 
Colour cues are important visual signals for mate recognition in many animals, 
signalling gender, sexual status and readiness to mate. Ischnura damselflies are prime 
models to study the role of colour in mate selection, as many species display female-
limited colour polymorphism with one female morph mimicking male colours 
(andromorph), while others have distinct female colours (gynomorphs). Females of 
Australian damselfly, Ischnura heterosticta, display functional polymorphism with an 
ontogenetic colour change. Immature females are blue (male-mimic) and when 
sexually mature they change to green-grey to signal their readiness to mate. Here, I 
show that female colouration is a principal signal and a reliable cue for mate 
recognition in I. heterosticta. Laboratory and field observations both revealed that 
males predominantly mate with green-grey females and ignore blue females. When the 
female colours were artificially changed with green and blue paint, males continued to 
choose green females irrespective of whether the colour was natural or artificial. 
Conditioning males in all-blue female or all-green female environments did not 
change the male mating preference for green females. This suggests that mate choice 
based on the colour green is not obtained via learning in I. heterosticta, and that it is 
not modified by female morph frequencies in the environment. The only factor 
influencing mate recognition was ambient light: under low illumination conditions i.e. 
early morning twilight when colour cues are unreliable, males can mistake blue 
females for suitable mating partners and occasionally mate also with blue females. To 
conclude, female colouration serves as an important cue for male mate recognition, 
and mate preference in I. heterosticta is not due learning.   
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4.2 Introduction 
Visual-based animals rely on visual cues to find a suitable mating partner. Animals 
tend to form a search image that facilitates rapid detection of the desired individuals 
(Van Gossum et al. 2001), however in order to be effective these search images need 
to be based on reliable visual cues that signal sexual status and readiness to mate 
(Watanabe and Taguchi 1990, Gorb 1998, Plaistow and Tsubaki 2000; see also 
Chapter 3 and Chapter 6). Mate recognition is particularly challenging for males, when 
multiple female morphs share the same habitat, and visual cues for selecting a proper 
mature mating partner may become confusing. How do males deal with this situation? 
A male might recognize the most dominant female morph as a suitable mating partner 
via learning the associated visual cues through mating experience (Miller and Fincke 
1999). This strategy can be prone to initial mistakes, but is also flexible and reversible 
if the dominant morph changes (Van Gossum et al. 2001). Alternatively, if different 
female morphs serve as visual cues to signal sexual status, innate preference for a 
specific morph could be the solution for males to unfailingly recognize correct mating 
partners (Iserbyt and Van Gossum 2011). This latter strategy, however, requires the 
visual cues to be consistent and reliable. 
One group of visual-based animals that has to deal with this challenge are ischnuran 
damselflies. Many ischnuran damselfly species display female-limited colour 
polymorphism at mature stages, with andromorph females having a male-like 
appearance and gynomorphs displaying a distinctly different colouration. A number of 
functional hypotheses have been suggested to explain the maintenance of female-
limited polymorphism in various damselfly species, with males always mating with 
the dominant female morph being one of these theories (Johnson 1975, Robertson 
1985, Hinnekint 1987, Miller and Fincke 1999, Sherratt 2001). Females of some 
damselfly species, on the other hand, change body colouration during development to 
signal their sexual maturity (Fincke et al. 2005, see Chapter 3). This phenomenon of 
female polymorphism across immature and mature stages is defined as functional 
polymorphism with the change in body colour assumed to function as visual cue for 
mating (Fincke et al. 2005). However, robust evidence for an actual signalling role of 
female colouration in sexual selection in such damselfly species is scarce (Chapter 3).  
Females of the Australian common blue-tailed damselflies, Ischnura heterosticta, 
show such functional colour polymorphism during development. Blue male-like 
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females (andromorphs) are newly emerged individuals, which turn into a green-grey 
form (gynomorphs) once they mature 4-7 days after emergence, to signal their sexual 
maturity to males (see Chapter 3). The green-grey gynomorphs are the predominant 
female morph of I. heterosticta, and field observations indeed showed that males 
prefer to mate with green-grey females, and mostly ignore blue females (see Chapter 3 
and Chapter 6). With body colouration being the most significant difference between 
immature blue females and mature green-grey females, this suggests that female 
colour is a crucial and reliable cue for mate selection in I. heterosticta, and that mating 
preferences in this species may be innate. However the behavioural evidence for this 
hypothesis is yet to be provided. In particular, as males −in spite of their strong 
preference for the green-grey females− are occasionally observed to copulate with 
blue females (see Chapter 3 and Chapter 6). How can these copulations be explained? 
One possibility is that males might simply mistake blue females as mating partners 
due to the insufficient illumination at dawn, which is the main mating time for I. 
heterosticta (see Chapter 2 and Chapter 6). An alternative possibility is that I. 
heterosticta males may learn to recognize blue females as potential mating partners 
based on previous experience. Indeed, males of some ischnuran damselflies tend to 
preferably copulate with the female morph that they have encountered most recently 
(Miller and Fincke 1999, Van Gossum et al. 2001, Takahashi and Watanabe 2011). 
However, whether learning to associate blue females with mating opportunities could 
actually overcome a potentially innate mating preference for green-grey females in I. 
heterosticta remains to be shown. 
Here, I investigated whether female colouration is indeed a crucial cue for mate 
recognition in I. heterosticta, providing males with a reliable signal to assess female 
sexual status, and whether mating preferences in I. heterosticta can be modified by 
experience. First, I examined male mate recognition ability in the laboratory after 
artificially painting female morphs in opposite colours to demonstrate that female 
body colour is a crucial visual cue for mate choice. Secondly, I tested whether mate 
preferences can be learnt through prior experience, which could explain the unusual 
copulations with blue females in the field. To this end, males were conditioned in 
environments consisting of all blue females or all green females, and then released into 
a cage with both female morphs where I recorded their mate choice. Thirdly, I 
investigated how a low illumination environment affected male mate recognition 
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ability in a binary choice test, to examine whether copulations with blue females are 
merely a visual error. For all experiments, male mate choice results between 
experienced and naïve males were compared, but the results generated from naïve 
males are discussed separately considering the low sample size. In order to support the 
laboratory experiments with field data I surveyed female morph frequencies from 
natural populations and from mating pairs at three separate study sites. 
 
4.3 Material and methods 
Terminology 
Gynomorph females of I. heterosticta occur in different colour variations ranging from 
green to dull grey, with green-grey (which in previous chapters was also called 
'intermediate') being the most frequent colouration among gynomorph females (see 
Chapters 2, 3, and 6). For sake of simplicity, in this chapter all gynomorph females are 
called 'green' irrespective of the shade of their individual colourations. I also 
deliberately avoid the standard terminology 'gynomorph' and 'andromorph' for 
distinguishing the different female morphs, as it may be misleading in this species: 
when rearing I. heterosticta, all females first emerge from nymphs as andromorphs, 
and after 4-7 days when reaching sexual maturity they change colour to become 
gynomorphs (also see Chapter 2). Hence, the same individual is first an andromorph 
and then a gynomorph. To avoid confusion, I therefore only use the terms 'blue female' 
and 'green female' to clearly distinguish between the different female morphs. 
Field observations and damselfly collection 
Field observations were conducted from 2010 to 2013 at the campus lake of The 
University of Queensland (UQ lake, S27° 49’, E153° 01’), at the lakes of Biambi 
Yumba Park (S27° 53’, E152° 96’) and Pine Rivers Park (S27° 31’, E152° 99’), which 
are all located in the Brisbane area of Queensland, Australia. Female morph 
frequencies were surveyed daily for periods of 19-35 days at these three sites by 
slowly walking along the water’s edge following the same route every day between 5 
AM and 9 AM, which is the main mating period of I. heterosticta, and recording the 
number of female morphs both from mating pairs and from the overall population. 
Additionally, full day surveys were conducted at Biambi Yumba Park lake between 
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October and December 2010 for 17 days, using the same method described above to 
record female morph frequencies every hour to account for morph frequency 
variations throughout the day. Data were collected separately for each site and 
observation period. To note, I. heterosticta mostly sit on the vegetation in the 
mornings, and only fly when searching for mating opportunities, detecting prey items, 
or when disturbed. During the survey, only minium disturbance of the animals 
occurred, eliminating the risk of pseudoreplication ie re-counting the same individuals.  
 
 
Fig. 4.1. Colour morphs of the damselfly I. heterosticta. (A) Mature male; (B) Blue 
female; (C) Green-Blue female (blue female painted with green paint); (D) Blue-Blue 
female (blue female painted with blue paint); (E) naïve male with shiny and soft 
thorax; (F) Green female; (G) Blue-Green female (green female painted with blue 
paint); (H) Green-Green female (green female painted with green paint). 
 
Individual males, blue and green females (Fig. 4.1 A, B, F) were collected from the 
three study sites for behavioural experiments in the laboratory, which were conducted 
from December 2011 to March 2012, November 2012 to September 2013, and January 
to February 2014. All collected individuals were kept in the dark in separate containers 
until required for testing, which occurred within 24 hours of collection. Both mature 
and naïve males were used as test subjects for behavioural experiments in the 
laboratory to compare the potential effect of prior mating experience on mate 
recognition. Mature experienced males (Fig. 4.1 A) were obtained in the field from 
mating pairs with green females in all cases. Naïve males (Fig. 4.1 E) were obtained 
 62 
from nymphs that had been reared in the laboratory under controlled conditions. Naïve 
males usually start mating 5 days after emerging from nymphs (unpublished data). 
Therefore, the naïve males were kept in the laboratory in individual cages (30x30x30 
cm) without any female contact for 4-7 days after emergence until they reached 
maturity before testing them. Naïve males were fed with Drosophila flies while kept in 
the cage. I did not use newly emerged "naïve" males from the field, which can be 
identified by their soft and shiny wings, as I could not control for potential male-
female interactions prior to testing. To note, the major difference between mated and 
naïve males was the interaction with other individuals, both males and females, or lack 
thereof, rather than age. The age for experienced males caught from the field was 
unknown, but assumed to be at least 5 days as this is the period required to reach 
maturity in males. After completion of the behavioural experiments, all surviving 
individuals were released back to the same field site where they were caught.  
Male copulation behaviour 
For all behavioural experiments, the behavioural variable for recording male mate 
choice was successful copulation rather than mating attempts such as approaching a 
female, which is used in some studies as indicator for male mating propensity (Gosden 
and Svensson 2009). Compared to other damselfly species, males of I. heterosticta 
usually show less aggressive behaviour towards other individuals on approach, both 
towards males and females and inter-individual interactions are less frequent than in 
other species (personal observation). Therefore, in I. heterosticta there is no definitive 
behaviour that could be used as reliable indicator for male interest in a specific female 
morph until copulation occurs. Copulation, however, is an obvious behaviour easily 
detected by an observer: If a male aims to mate with a female, a tandem position is 
formed during which the male holds the female’s prothorax with its abdominal 
appendages (see Chapter 2). Laboratory observations showed that more than 97 % of 
tandem attempts ended up as complete copulations (unpublished data). Therefore, in 
this study tandem formation is used as the indicator for successful copulation and male 
mate choice. Behaviour was continuoulsy observed from 5AM-9AM on each day of 
the test to a maximum of three days, as described below, and the copulations manually 
recorded. For the remainder of the day, only hourly checks were conducted. 
Role of body colour for male mate choice 
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To test whether male mate recognition and mate choice are indeed based on female 
morph colouration, I conducted a binary choice experiment: one male was kept in a 
cage (45x45x45 cm) with one blue and one green female, and mate choice was 
recorded until the first mating occurred (with copulation completed) or for a maximum 
of three days in case that no mating occurred. Animals remained in their cage 
throughout the duration of the test. Each male was tested in this mate choice 
experiment before and after female body colouration was manipulated as described 
below. Both experienced and naïve males were tested to investigate the potential effect 
of previous mating experience on colour-based mate choice. 
In the first experiment, 28 experienced males and 11 naïve males were kept in 
individual cages with one blue and one green female each to observe male mate 
preference. After three days – or earlier if mating occurred – the females were 
removed from the cage and their thorax was painted with either green or blue artificial 
water-based paint (Derivan Matisse, Series 1, 2) covering 2/3 of the thorax area. The 
abdomen tips were not painted. The blue females (Blue) were painted green to mimic 
green females (Green-Blue), and the green females (Green) were painted blue to 
mimic the blue morph (Blue-Green) (Fig. 4.1 C, G). The spectral reflectance of the 
paints was measured with a spectrometer (USB-4000, Ocean Optics) and compared to 
the reflectance of the natural thorax colour to validate whether the artificial 
colouration was similar to the damselfly’s natural colour. Thoracic colour reflectance 
was measured three times for each individual by placing an optic fibre (100μm in 
diameter) 1 cm above the measured samples. The samples were illuminated with a 
150W Xenon lamp (Thermo Oriel, USA). The jnd (just noticeable differences) values  
between painted and natural individuals were obtained (detail method see Chapter 6), 
and they were compared to 1 as the threshold value by t-test. After painting their 
thorax, the painted females were returned to their cage, and another three days of mate 
selection by the same males was recorded. To note, between 11% and 25% of painted 
females died over the course of the experiment, and these were excluded from the 
experiments; therefore for the second part of the experiment only 21 mated males and 
9 naïve males were tested. Also, 19 of the blue females changed their colouration to 
green-grey during the second part of the experiment due to the experiment lasting 
several days. However, their colour change had no affect on the display of the artificial 
paints. Note that after manipulating female colours, the males were released into a 
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cage with the same female pairs to reduce the potential effects that might be caused 
from individual differences. One could argue that using the same females may affect 
mating as females could refuse to copulate repeatedly. However, repeated matings 
occur frequently in ischnuran damselflies (Corbet 1999, Van Gossum et al. 2008), and 
own observations showed that a pair of male and female that lived in the same cage 
formed repeated mating pairs for two to four consecutive days also in an artificial 
environment (unpublished data).   
In order to rule out a potential effect of the paint itself, a second binary mate choice 
experiment was conducted using 17 experienced males and 10 naïve males. The first 
part of the experiment was conducted as above with one blue and one green female per 
male in their natural colours. For the second part, females were again painted, but this 
time blue females (Blue) were painted blue (Blue-Blue) (Fig. 4.1 D), and green 
females (Green) were painted green (Green-Green) (Fig. 4.1 H), thus not changing 
their original morph colour, merely controlling for application of paint. The painted 
females were returned to the same males (15 mated males, 9 naïve males due to death 
of several female individuals), and mate choice was recorded for another three days or 
until mating occurred. Seventeen blue females turned into the green-grey morph 
during the course of the experiment, but as above this had no effect on the display of 
the artificial paint. 
Effect of prior experience on male mate choice 
I investigated whether male mate choice of I. heterosticta depends on prior experience, 
i.e. whether males tend to mate with individuals from the female morph they have 
most recently encountered. To test this, individual males were first conditioned in a 
cage (50x50x60 cm) for three days in an environment that contained four individuals 
of only one female morph. That is, males were either exposed to all blue females (4B) 
or to all green females (4G). A larger cage was used in this experiment due to the 
higher number of individuals. After three days the male was subjected to a mate choice 
test: he was released into a new cage with two blue and two green females, i.e. with 
the same female number they were exposed to previously, but at a 1:1 green to blue 
female ratio. Mate choice was observed for three days or until copulation occurred. 
The blue and green females used in the mate choice test were different individuals 
than the ones used for the 3-day conditioning period. Again, both experienced and 
naïve males were tested: for conditioning to all blue females, I used 19 experienced 
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males and 10 naïve males; for conditioning to all green females, I used 22 experienced 
males and 9 naïve males. To note, matings were also observed during the conditioning 
period albeit much fewer male-female interactions were observed duirng the 4B 
conditioning (mating rates for conditioning to all blue females: experienced males: 
42% (8/19), naïve males: 0%; for conditioning to all green females: experienced males: 
63% (14/22), naïve males: 33% (1/3).  
Effect of low illumination on male mate choice 
Mating in I. heterosticta occurs mostly during early morning at twilight, when the 
ambient light is diffuse and illumination low, in particular around sunrise (see also 
Chapter 6). Here, I investigated, whether low ambient light affected male mate choice 
ability with respect to distinguishing blue from green females. Diffusing filters were 
placed on top of a cage (45x45x45cm) to dim the illumination. As these filters block 
UV light, which is an important part of I. heterosticta's visual environment (see 
Chapter 6), an artificial LED light (383nm wave length) was installed inside the cage 
to create UV light. The light irradiance of the dim light environment created in the 
cage was in the range of natural twilight at dawn (see Chapter 6). A binary mate 
choice test was conducted as described above: one male, one blue female and one 
green female were released into the cage, and male mate choice under the low light 
conditions was recorded for a maximum three days, or until mating occurred. In total, 
20 experienced males and 9 naïve males were tested in this experiment.  
Statistical analyses 
The results of the first experiment were analyzed with Bhapkar’s test (Bhapkar 1966) 
using R (R development core team 2008). This marginal homogeneity test analyzed 
whether male mate preference was the same before and after female colour was 
changed with artificial paint. This tests whether an individual male made the same 
choice (either choosing a green female, or a blue female, or no mating) before and 
after painting the females. The analysis took the factor into account, that the same 
male was used for pairwise comparison. The analysis was conducted separately for the 
different male groups, namely experienced males and naïve males. A significant 
difference at P< 0.05 indicated that males show different mating propensity before and 
after females were painted; on the other hand, P> 0.05 indicated that males displayed 
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the same mating preference before and after painting the females. If females died after 
being painted, the respective pair-wise groups were excluded from the analysis. 
For the other two experiments (effect of prior experience and effect of low 
illumination), male mate choice was analyzed based on three possible outcomes: males 
mated with a green female, or with a blue female, or no mating occurred within the 3-
day test period. Due to three possibilities when a male encountered a female, a 
binominal test is not appropriate, and therefore a polynomial test was used as follows. 
It could not be predicted whether a male would mate or not during the test period, 
therefore the expected probability of "no mating" is a null distribution between 0-1 (p), 
with the expected probability of "mating" being (1-p). The statistical hypothesis for 
mating was that males have equal preference for blue and green females, and hence the 
expected probability of either choosing a green or a blue female was the same, namely 
(1-p)/2. Considering the small sample size for males tested, in particular for naïve 
males, 10,000 simulations were run. The significance level for this analysis was set at 
P< 0.05. 
 
4.4 Results 
Female morph frequency and male mating behaviour 
The field observations conducted during the principal mating time of I. heterosticta (5-
9AM) showed that green females were the dominant female morph representing 83-
93 % of the natural population during this time of day at all three study sites over the 
three-year duration of the survey (Table 4.1). Blue females comprised only 7-17 % of 
the population in this time window. Green females also were the preferred mating 
partner, receiving the vast majority of observed matings (>99 %), while matings with 
blue females were observed very rarely (<1 %) (Table 4.1). The full-day surveys 
showed that the proportion of blue females slightly increases throughout the day up to 
21.8 % around mid-day (Fig. 4.2). 
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Table 4.1. Female morph ratio from natural population and mating pairs of I. 
heterosticta. Female rations were recorded at three field sites from 5AM to 9AM 
during varying survey periods over three years. n: total observed days; B: blue females; 
G: green females. Matings with a blue female from 2010-2013: two cases recorded at 
UQ lake, five cases at Biambi Yumba Park, four cases at Pine Rivers Park. The 
numbers in brackets indicate the number of cases that males mated with blue females.  
    Percentage of female morphs  
    in population  in mating pairs  
Site 
Survey 
period 
n  B G  B G Reference 
UQ lakes Oct 2010 -
Jan 2011 
35  15% 85%  <1% >99% This chapter 
 Nov 2011 - 
Mar 2012 
21  12% 88%  <1% (1) >99% This chapter 
 Nov 2012 - 
Feb 2013 
19  8% 92%  <1% (1) >99% This chapter 
Biambi 
Yumba 
Park 
Oct 2010 - 
Jan 2011 31  7% 93%  <1% (1) >99% Chapter 3 
 Nov 2011 - 
Mar 2012 
22  11% 89%  <1% (2) >99% Chapter 6 
 Nov 2012 - 
Feb 2013 
30  12% 88%  <1% (2) >99% This chapter 
Pine Rivers 
Park 
Jan 2013 -
Apr 2013 
21  17% 83%  <1% (4) >99% This chapter 
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Fig. 4.2. Proportion of blue females in a natural population of I. heterosticta at Biambi 
Yumba Park lake, recorded every hour from 5AM to 4PM for 17 days in November 
and December 2010. The average number of recorded individuals ranged from 31 to 
118 for an hour.  
 
In the laboratory experiments, where males were confined to cages with only a few 
females, it was noted that mating did not occur in all cases within the three-day 
observation period. This is likely due to the artificial environment, which might affect 
the individual’s ability or willingness to form mating pairs. Nevertheless, for at least 
half and in some cases over 75% of the experienced males, matings were recorded also 
in the cage environment. Naïve males mated significantly less often; on average only 
20-44% of naïve males were observed mating in cages.  
Role of body colour for male mate choice 
The laboratory mate choice experiments confirmed the field observations with green 
females being the preferred mating partner. In the first experiment, where males had to 
choose between one blue and one green female, experienced males only chose green 
females as mating partners, and completely ignored the presence of blue individuals, 
when the females were presented in their natural body colour (Fig. 4.3 A). However, 
after blue females were painted green, and green females were painted blue, the males 
reversed their preference with more matings now received by Green-Blue individuals, 
and less matings by Blue-Green females (Bhapkar’s test: χ2 = 4.94, P = 0.0845). This 
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suggests that male mate recognition is indeed based on female body colouration. The 
same mating trend was observed for naïve males, i.e. those without prior mating 
experience in the field. Albeit, naïve males showed much less mating interest in 
general with only two to four matings observed per group of tested males. Only one 
naïve male mated with green females and subsequently also formed a mating pair with 
a Green-Blue individual (Bhapkar’s test: χ2 = 2.57, P = 0.109) (Fig. 4.3 B). The 
remaining naïve males did not mate. 
The control experiment that tested the effect of the paint, i.e. when females were 
painted with the same colour as their natural one, showed that paint on its own did not 
change mating preference. Experienced males still exclusively mated with green 
females, both in their natural state and when painted green, and they ignored blue 
forms both in their natural colour and when painted blue (Bhapkar’s test: χ2 = 3.75, P 
= 0.053) (Fig. 4.3 C). Experiments with naïve males confirmed that paint on its own 
had no effect on mate preference, with Green and Green-Green females receiving the 
only matings by naïve males, while Blue and Blue-Blue females were ignored 
(Bhapkar’s test: χ2 = 1.17, P = 0.280) (Fig. 4.3 D).  
In both experiments, males were not allowed repeated matings either before or after 
female body colourations were manipulated. That is, at maximum a male only formed 
mating pairs twice, once before and once after female body colourations were changed.  
 
Fig. 4.3 [displayed on next page] Results of binary mate choice experiments by 
experienced males (A, C), and naïve males (B, D) of I. heterosticta before and after 
female colour was changed with artificial paint. Shown are percentages of matings 
with blue and green females that occurred within a three-day test period. Numbers 
within bars are the number of matings with the respective female morphs over the total 
numbers of males tested in each group. Blue: blue female in natural colour; Green: 
green female in natural colour; Green-Blue: blue female painted with green paint; 
Blue-Green: green female painted with blue paint; Blue-Blue: blue female painted with 
blue paint; Green-Green: green female painted with green paint. Statistical analysis of 
the results is described in the text. Repeated matings were not allowed for a male, and 
each male only had two mating opportunities: once before and once after female 
colours were changed.    
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Fig. 4.3. Results of binary mate choice experiments by experienced males (A, C), and 
naïve males (B, D) of I. heterosticta before and after female colour was changed with 
artificial paint [for full legend see previous page].  
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Spectral reflectance measurements showed that the blue and green paints had very 
similar reflectance as the respective natural thorax colours (Fig. 4.4): the jnd values 
between painted and natural individuals were less than 1 (blue female vs. blue paint: 
t(587)=35.12, p<0.001; green female vs. green paint: t(587)=42.38, p<0.001). However, 
the paint did not cover the thorax colour patterns perfectly (Fig. 4.1), possibly 
resulting in colour patterns that were slightly unnatural for a female I. heterosticta. 
This could explain the fact that the general mating frequency was reduced in tests 
where paint was applied. 
 
 
 
 
 
 
 
Fig. 4.4. Spectral reflectance of blue female and green female individuals of I. 
heterosticta (dotted lines) and of the artificial blue and green paints (solid lines) used 
to cover the thorax of blue and green females to test for effect of female body colour 
on mate choice. Reflectance was measured three times for each sample using a 
spectrometer (USB-4000, Ocean Optics). The samples were illuminated with a 150 W 
Xenon lamp (Thermo Oriel, USA). Measurements for blue and green female 
individuals were from data obtained as part of Chapter 6. 
 
Effect of prior experience on male mate choice 
To test whether prior experience and the most recent encounters with a specific female 
morph plays a role in male mate choice, both naïve and experienced males were first 
conditioned with either four blue females or four green females for three days, and 
then released into an environment with two blue and two green females. When males 
were conditioned with green females, both experienced and naïve males continued to 
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mate with green females (Table 4.2). They ignored the existence of blue females, but 
in naïve males the difference was not significant due to the small number of matings 
recorded (polynomial test, experienced males: P< 0.001; naïve males: P= 0.222). 
When males were first conditioned with blue females, both experienced and naïve 
males still mated exclusively with green females and ignored blue females (Table 4.2) 
(polynomial test, experienced males: P= 0.003; naïve males: P= 0.234). Notably, the 
overall mating frequency for experienced males was reduced after conditioning with 
blue females, and due to the small number of matings in naïve males the difference 
was again statistically not significant. 
 
Table 4.2. Mate choice by experienced and naïve males of Ischnura heterosticta after 
prior conditioning. A male (either experienced or naïve) was released into a cage with 
two green females and two blue females after conditioning for three days with either 
four green females (4G), or four blue females (4B). Each mate choice experiment was 
monitored for a maximum three days or until the first copulation occurred. G: green 
females, B: blue females, number in brackets indicate the number of matings/total 
number of males tested. P-values were obtained from a polynomial test that a male has 
equal preference for blue and green females after deducting the odds that no mating 
occurred (see methods for statistical details).  
  Mate choice 
  Experienced males  Naïve males 
Conditioning  G B P  G B P 
4G  72% (16/22) 0% (0/22) <0.001  33% (3/9) 0% (0/9) 0.222 
4B  57% (11/19) 0% (0/19) 0.003  30% (3/10) 0% (0/10) 0.234 
 
Effect of low illumination on male mate choice 
To investigate the effects of low ambient illumination on male mate recognition, a 
male together with a blue and green female were introduced into a cage, covered with 
a diffusing filter. The filter created a dim light irradiance that was in the same range of 
natural twilight at dawn, when most matings in I. heterosticta occur (Fig. 4.5). The 
light intensity in the cage was only 5% of the light intensity of natural morning light 
(8.79x10
19
 photons/s/cm
2
, see Chapter 6). Under these conditions, male mating rates 
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dropped to 28% and 22% for experienced and naïve males, respectively (Table 4.3). 
Of the matings that did occur most were still with green females, however there were 
two records of experienced males mating with a blue female. Mate choice between 
blue and green females was not significantly different under the dim light environment, 
albeit the very low number of matings has to be taken into account (polynomial test, 
experienced males: P= 0.123; naïve males: P= 0.417) (Table 4.3).  
 
Fig. 4.5. Light spectrum and irradiance during natural morning light and natural 
twilight, compared to dim light artificially created in a cage using a diffusing filter. 
Morning and twilight irradiance measurements were obtained from the Fig Tree 
Pocket field site as part of Chapter 6. 
 
Table 4.3. Mate choice by experienced and naïve males of I. heterosticta under dim 
light. Males were kept in a cage with one green female and one blue female under low 
ambient light conditions for three days. Each mate choice experiment was monitored 
for a maximum three days or until the first copulation occurred G: green females, B: 
blue females, number in brackets indicate the number of matings/total number of 
males tested. P-values were obtained from a polynomial test (see methods for details). 
 Mate choice 
 G B P 
Experienced males 28% (8/28) 7% (2/28) 0.123 
Naïve males 22% (2/9) 0% (0/9) 0.147 
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4.5 Discussion 
Male mate choice is based on female colour 
Our study showed that natural populations of I. heterosticta are strongly biased 
towards the green female morph in the early morning period, and that mating in the 
field occurs with almost exclusively green females, confirming earlier work (Chapter 
3). Males rarely attempt to mate with blue females, which have been shown to be 
immature, suggesting that males might use female body colours as visual signal to 
identify mature mating partners (Chapter 3). This hypothesis is further supported by 
the fact that I. heterosticta has trichromatic vision and is able to detect and 
discriminate the green and blue reflectance spectra from female colouration (see 
Chapter 6). By artificially manipulating female body colour, I now provided 
conclusive behavioural evidence that I. heterosticta males indeed use colour as an 
important cue for mate choice. Considering the different mating history of experienced 
males and naïve males, I will discuss the findings separately, focusing initially on the 
experienced males. 
Visual cues, such as body colour and colouration patterns, are commonly used for 
mate recognition in Odonata, and males are known to detect spectral differences of 
female bodies during mate choice decisions (Battin 1993, Gorb 1998, Van Gossum et 
al. 2011). In our study, green females and Green-Blue females were clearly the 
preferred morph by experienced males when they were given a choice between a green 
and a blue female morph. This strongly suggests that this preference is based on colour 
as a reliable and consistent cue. Males avoided mating with blue individuals 
irrespective of whether they were natural blue or painted blue, suggesting that they do 
not recognize blue females as potential mates and possibly mistake them as other 
males. Indeed, blue females have a very similar body colour spectrum to males, and 
the visual system of I. heterosticta cannot distinguish the spectral difference between 
them (see Chapter 6). This supports the notion that males choose green females as 
mates based on their colouration, and that the body colour of the blue females 
functions as male-mimicry as also suggested for other damselfly species (Robertson 
1985, Hinnekint 1987, Sherratt 2001, Sherratt and Forbes 2001). The male-like 
colouration of I. heterosticta blue morphs protects these young, immature females 
from excessive male sexual harassment during the main mating time, when they sit on 
vegetation at the water's edge (see Chapter 3). 
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Considering the time and costs of mating, species may use behavioural strategies or 
behavioural signals to prevent mating with immature individuals (Corbet 1999, Miller 
and Fincke 1999, Van Gossum et al. 2001). The fact that blue female numbers were 
lower in the early morning during the main mating time of I. heterosticta, but 
increased at mid-day, suggests that blue females possibly apply this as behavioural 
strategy to avoid males during the crucial mating period. If successful mate 
recognition in I. heterosticta were based on different behavioural patterns between 
mature and immature females, e.g. different responses to male mating attempts, green 
females painted with artificial blue paint should still attract male mating interests as 
the paint should not change their behaviour. However, our results show clearly that 
irrespective of the females’ original body colour, males tend to mate with green 
individuals. This implies that behavioural differences between green (mature) and blue 
(immature) females are unlikely, and that female body colouration serves as a reliable 
signal for mate recognition and male mate choice.  
Role of experience in mate recognition  
Prior experience, that is frequent or recent encounters with a specific female morph, 
can indeed affect male mate recognition (Van Gossum et al. 2001). Males tend to form 
a search image of the desired mating partner, in order to reduce the costs of energy and 
time involved in mate detection and recognition (Miller and Fincke 1999, Van 
Gossum et al. 2001). However, our conditioning experiments showed that experienced 
males preferably mate with green females, irrespective of their prior experience in an 
environment that contained either only blue or only green females. It is not surprising 
that experienced males collected in the field maintained a preference for green forms: 
these males had previously mated with green females in the field, which may have 
conditioned them to this morph already. However, the fact that this preference for 
green females could not be overcome by additional conditioning of the experienced 
males to all-blue females indicates that learning may not play a role in mate choice of I. 
heterosticta. Everything points to male mate choice in I. heterosticta could be due to 
colouration, driven by female colour and that mate choice is not a plastic behaviour in 
this species that can be modified through experience. Notably, conditioning 
experienced males with blue females seemed to reduce their mating willingness as 
mating rates dropped from 72% (after conditioning to green females) to 57% (after 
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conditioning to blue females), however it is not clear why exposure to blue females 
reduced the "mating motivation" overall. 
Why does mating with blue females occur? 
Although very rare, males are still observed to occasionally mate with blue females in 
the field (Table 4.1). If female body colouration serves as a key signal and reliable cue 
for mate recognition, why do males sometimes still mate with blue females? It is 
possible that the low and fluctuating ambient light conditions during dawn may play a 
role (see Chapter 6). Light conditions do not only affect optic photoreceptor voltage 
responses to light stimuli and the development of the optic lobes (Barth et al. 1997b, 
Wolfram and Juusola 2004, Díaz-Fleischer and Arredondo 2011), but light conditions 
have been shown to influence the mating success in insects such as Drosophila 
melanogaster (Hirsh and Tomkins 1994, Hirsh et al. 1995, Barth et al. 1997a). Results 
from Chapter 6 suggest that in I. heterosticta damselflies light conditions could indeed 
bias mate recognition. Chromatic contrast measurements showed that under sufficient 
light males of I. heterosticta cannot detect a difference between blue females and other 
males, and therefore would see blue females as "males" and not consider them as 
potential mating partners (see Chapter 6). However, under insufficient light insects 
often rely on achromatic cues rather than colours to identify objects (Srinivasan 1985, 
Spaethe et al. 2001), and based on achromatic contrast values, males and blue females 
of I. heterosticta are distinguishable (see Chapter 6). Therefore, under low light 
conditions when males make choices based on achromatic contrast, they might not see 
a blue female as "male" but sometimes mistake a blue morph for a potential mating 
partner. Our results show that in an artificially induced low light environment even 
experienced males make this mistake and accidentally choose blue females as a mate 
even when a green female is present.This suggests that the matings with blue females 
that were observed in the field may be cases of "mistaken identity" due to the low 
ambient light at dawn. Notably, mating frequencies in our study were also much lower 
under the low light environment: it is not clear why this happens and whether female 
behaviour changes under dim light. It may possibly be due to males of I. heterosticta 
reducing their mating activity under these light conditions, because the risk of 
choosing a wrong mating partner is high, and making the correct choice is difficult 
without the reliable colour cue - however this remains to be investigated. 
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Mate choice of naïve males 
Statistically, naïve males showed no significant preference for either green females or 
blue females in both the colour painting experiment and the prior conditioning 
experiment. This was mainly due to the small sample size for naive maels (n ranges 
from 9 to 11). The naïve males used in this chapter were reared from nymphs under 
laboratory conditions. The emergence rate was around 60-70 % (unpublished data), 
and rearing these individuals over several months to one-week-old adults is extremely 
difficult. Compared to the rather limited laboratory environment, that natural field site 
is dynamic, there are numerous variables including temperature and humidity as well 
as micro-habitat complexity and food variability, which may play a role in regulating 
body conditions of newly emerged adults (e.g. metabolism, food intake and 
consumption rates). The laboratory rearing conditions provide a standardized 
environment, which potentially could affect the growth rate, the sensory/behavioural 
development, sexual development and consequently the mating willingness of the thus 
reared males. Indeed, experienced males collected from the field showed much higher 
mating rates compared to naïve males of I. heterosticta. This is in contrast to I. 
senegalensis, where naïve males also show high mating rates in binary mate choice 
experiments (Takahashi and Watanabe 2011). The low mating rates of naïve males in 
our study may be the result of isolating each naïve male in the laboratory environment 
straight after emergence. During their first days as adults, these laboratory-reared 
naïve males did not have the opportunity to interact with females, or observe the 
mating behaviour of other mature males in the field. This isolation could affect mating 
response, for example if the copulation behaviour of I. heterosticta includes a learnt 
component, with young males learning mate recognition via observation and/or 
interaction with other individuals. To investigate this possibility, further tests would 
need to be conducted using laboratory-reared males that were either exposed or not 
exposed to females. Irrespective of the statistical results regarding mate choice in 
naïve males, there is still a trend also for naive males to mate preferentially with green 
females both in their natural form and when artificially painted green. Albeit numbers 
are too low to draw any valid conclusions, this indicates that males of I. heterosticta 
may have an "innate" preference for green females. This hypothesis is congruent with 
the finding that females change colour from blue to green to advertise their sexual 
maturity (Chapter 3), however it would need to be formally tested.  
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Chapter 5. 
 
Compound eye morphology of I. heterosticta 
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5.1 Abstract 
The eye morphology of Ischnura heterosticta damselflies was investigated with 
respect to differentiation and location of the retinula cells in order to obtain 
information regarding their potential visual function. Using histological approaches, 
cryo-sections and semi-thin sections revealed that I. heterosticta eyes are of similar 
structure in males and females, showing the typical kidney shape. Ommatidia lengths 
varied depending on the location within the eye, measuring up to 400 μm in length in 
the central part of the compound eye, and 90 μm and 140 μm, respectively, in the 
dorsal and ventral regions. Histological sections further indicated the presence of 
several retinula cells that differ in length and are distributed along the ommatidium, 
equivalent to the eight retinula cells found in the eye structure of related Ischnura 
species. The existence of multiple retinula cells with different rhabdom lengths in I. 
heterosticta may potentially influence spectral sensitivities of the photoreceptors.  
 
  
 83 
5.2 Introduction 
Arthropods, such as insects, crustaceans and millipedes have compound eyes as their 
main visual organ. Compound eyes are composed of multiple repeating units, the 
ommatidia (Fig. 5.1), each of which functions as a separate visual receptor unit 
providing the brain with one picture element (Land and Nilsson 2002, Nilsson 1989). 
These independent picture elements are then formed into an image by the brain. The 
outer part of an ommatidium has a cornea followed by a transparent crystalline cone 
that guides the light to a cluster of light-sensitive visual cells, the photoreceptor or 
retinula cells (Fig. 5.1). Depending on species an ommatidium can contain up to 9 
retinula cells, which are also called R-cells and numbered R1, R2, R3 etc. 
Support cells and pigment cells surround the cluster of retinula cells to prevent light 
interference from neighbouring ommatidia. Light passing through the cornea is 
focused by the transparent crystalline cone into the rhabdom, which is a tube-like 
structure at the central axis of the ommatidium guiding the light to the tip of the 
ommatidium. The rhabdom is made up of the photoreceptive membranes of the 
surrounding retinula cells. These membranes have numerous, long and narrow 
microvilli containing the visual pigments, and together these microvilli form the 
rhabdom. In Odonata, the rhabdom is composed of eight retinula cells (R1-R8), and 
their distribution along the ommatidium can vary depending on species (Ninomiya et 
al. 1969, Meyer and Labhart 1993).  
 
 
 
Fig. 5.1. General eye morphology of damselflies. Left: Photo of compound eyes of I. 
heterosticta. Right: Morphology of an ommatidium (modified from Ninomiya et al. 
1969).  
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Studying eye morphology and structure provides useful information regarding 
differentiation of the retinula cells, and their potential visual function. Understanding 
eye structure and identifying the location of individual retinula cells is also essential 
for conducting electrophysiological experiments. The eye structure of Odonata has 
been studied in several species including both damselflies and dragonflies (Goldsmith 
and Philpott 1957, Naka 1961, Ninomiya et al. 1969, Meyer and Labhart 1993), 
showing that sensitivity to different wavelengths of light is mediated by different types 
of retinula cells in an ommatidium (Yang and Osorio 1991, Meinertzhagen et al. 1983). 
Furthermore, it was discovered that the orientation of rhabdomeric microvilli might 
play a crucial role in how polarized light is detected (Shaw 1967). 
There are only two studies on morphology and eye structure in Ischnuran damselflies, 
one investigating I. senegalensis and the other I. elegans (Ninomiya et al. 1969, Meyer 
and Labhart 1993). Both species have a similar eye structure, consisting of eight 
retinula cells arranged along the ommatidium. Retinula cells R1 to R5 are distributed 
distally and centrally within the ommatidium, and R6 and R7 retinula cells are found 
in the proximal layer. Retinula cell R8 is a vestigial retinula cell without a rhabdomere 
(Ninomiya et al. 1969, Meyer and Labhart 1993).  
Here, I investigated eye structure and morphology of Ischnura heterosticta using 
histological approaches. Cryo-sections and semi-thin sections of the compound eyes 
were prepared providing essential information on the visual anatomy in this species, as 
basis for subsequent electrophysiological investigations (Chapter 6). 
 
5.3 Material and methods 
Collection of insects 
Ischnura heterosticta were collected from the UQ lakes, The University of Queensland, 
St Lucia campus, Queensland, Australia between November 2011 and September 2013. 
Individuals were taken to the laboratory, anesthetized in the freezer (-16°C) for 5 
minutes, and their eyes were immediately dissected for histological analyzes as 
described below. In total, 11 males and 18 females were used for cryo-sections, and 2 
males and 1 female were used for semi-thin sections. Results for males and females 
did not show any difference and were therefore analyzed together. 
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Cryo-sections 
Cryo-sections were prepared to provide an overview of the I. heterosticta eye anatomy 
and ommatidia structure. For cryo-sectioning, damselfly eyes were dissected with 
micro-scissors by cutting off the eyes from the head at their base. Eyes were 
immediately preserved in 4% paraformaldehyde, pH 7.2 for 45 minutes, and then 
transferred into 30% sucrose solution for 30 minutes to harden the tissue. Another 30 
minutes immersion in 15% sucrose with OCT (optimal cutting temperature) 
embedding medium was conducted. Eyes were then embedded with 15% sucrose with 
OCT medium on a specimen disc, and cut into 12-20μm thick sections using a cryostat 
(Leica, CM1100), either as longitudinal sections or cross sections. Sections were 
mounted on superfrost plus slides (Menzel-Gläser, SF41296SP), and went through a 
series of EtOH, water, hematoxylin, Eosin, and xylene washings to stain the tissues 
(75% EtOH for 1 min, water for 1min, Hematoxylin for 1 min, water for 10 min, 75% 
EtOH for 1 min, Eosin for 5.5 min, 100% EtOH for 45 sec four times, and xylene for 3 
min three times). Hematoxylin was used to stain cell nuclei, and eosin was used to 
stain cytoplasm. A cover slip was mounted with DPX mountant (Sigma) to cover the 
sections, and the sections were examined under a fluorescent microscope (Axio 
Imager, Carl Zeiss Microscopy, GmbH). 
Semi-thin sections 
Semi-thin sections were prepared to analyze the ommatidia structure of I. heterosticta 
at a higher morphological resolution. In preparation for semi-thin sections, the head of 
an individual specimen was dissected with microscissors, glued onto a petri-dish with 
super glue and immersed in 4% paraformaldehyde fixative. The corneal layer was 
carefully removed using scalpel blades and forceps to expose the retinal tissue. 
Samples were then preserved in 4% paraformaldehyde fixative and kept in a 4°C 
fridge until embedding, which was conducted using the Pelco Biowave (Ted Pella, 
Inc.) process. Eye samples were rinsed with PBS buffer for 40 seconds at 80 watts 
without vacuum, and fixed with osmium tetroxide for 2 min on, 2 min off, 2 min on 
with vacuum on for two cycles at 80 watts to avoid overheating. A water rinse was 
conducted for 40 seconds at 80 watts with vacuum on. Sample dehydration was 
conducted with gradient EtOH concentrations (50%, 60%, 70%, 80%, 90%, 100%, 
100%, and 100% EtOH) with 1 min on, 1 min off, and 1 min on without vacuum at 
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150 watts. Resin infiltration was conducted by mixing 100% EtOH with EPON epoxy 
resin at different ratios (EPON : EtOH= 1:3, 1:2, 1:1, 2:1, 3:1) for 3 minutes for each 
step at 150 watts with vacuum on. Eye samples then were immersed in 100% EPON 
for three minutes twice at 150 watts with vacuum on. Finally, eye samples were kept 
in 100% EPON overnight at room temperature, and transferred to an oven at 60°C for 
two night for resin polymerization. Eye tissues were sectioned either at the cross axis 
or at the longitudinal axis preparing sections between 1.5 to 2μm thick using an 
ultramicrotome (Leica, UM C6). Sections were placed on superfrost plus slides 
(Menzel-Gläser, SF41296SP), and stained with 2% toluidine blue to increase the 
sharpness of the histological image. Slides were examined under a fluorescent 
microscope (Axio Imager, Carl Zeiss Microscopy, GmbH). 
 
5.4 Results and Discussion 
Overall eye structure 
The cryo-section images gave an overview of the entire eye morphology of I. 
heterosticta. Bright field images clearly showed that the eye has the typical kidney 
shape, and revealed a layer of retinula cells as well as the lamina (Fig. 5.2 A, 5x 
magnification). More detailed information was not available under bright field due to 
the lack of contrast. Therefore, the cryo-sections were further examined using 
fluorescent microscopy, which clearly showed the cornea, crystalline cones, retina, 
lamina, and the medulla cells (Fig. 5.2 B, 5x magnification). The total length of an 
ommatidium varied depending on the location within the eye. Ommatidia measured up 
to 400 μm in length in the central part of the compound eye, but in the dorsal and 
ventral regions ommatidia had much shorter lengths of 90 μm, and 140 μm, 
respectively (Fig. 5.2 B). The overall eye structure was similar in males and females of 
I. heterosticta. 
In comparison, the total length of the rhabdomeres in an ommatidium in I. 
senegalensis is only about 250 μm (Ninomiya et al. 1969), which is significantly 
shorter than in I. heterosticta. However, this may be associated with the difference in 
overall body length in the two species: the body length of I. heterosticta (33-36 mm) is 
longer than that of I. senegalensis (28-30 mm), and therefore it can be expected that 
the size of the eyes and ommatidia is also larger in I. heterosticta. 
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Fig. 5.2. Eye anatomy of I. heterosticta. Cryo-section of a right eye sectioned centrally 
along the longitudinal axis viewed under (A) bright field (5x magnification) and (B) 
fluorescent microscopes (5x magnification). The red squares denote the relative 
positions of images shown in Figure 5.4. L: lamina; M: medulla.  
 
Retinula cells 
There are two studies that have investigated the number and arrangement of retinula 
cells in other Ischnuran damselflies, namely I. senegalensis and I. elegans (Ninomiya 
et al. 1969, Meyer and Labhart 1993). The ommatidia in both species contained eight 
retinula cells, with R1 to R5 located distally and centrally within the ommatidium, R6 
and R7 located proximally, and R8 being a vestigial cell (Ninomiya et al. 1969, Meyer 
and Labhart 1993). Due to insufficient resolution, the precise number, length and 
distribution of each retinula cell within the ommatidia of I. heterosticta could not be 
determined with certainty. However, the histological results give a first indication that 
the number of retinula cells and their arrangment in I. heterosticta may be conserved 
and similar to that of I. senegalensis. 
Eosin-staining of the cryo-sections showed the screening pigments within the eye, 
which can serve as indicator of the potential number of retinula cells. The images 
suggest that at least 4 retinula cells are present within an ommatidium at ~60 μm in 
depth from the corneal surface (Fig. 5.3). Semi-thin sections provided a clearer picture 
regarding the number of retinula cells at different depths of an ommatidium. Five 
retinula cells were found in the distal third of an ommatidium (Fig. 5.4 B), but in the 
middle range of the retina, the number of retinula cells was reduced to four (Fig. 5.4 
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C), as also described in I. senegalensis (Ninomiya et al. 1969). It is therefore likely 
that the entire ommatidial layout is conserved between I. heterosticta and its relative, I. 
senegalensis in Asia (Ninomiya et al. 1969), with I. heterosticta also having 8 retinula 
cells that differ in length and are arranged differently along an ommatidium. The 
length of individual retinula cells may be longer in I. heterosticta due to the entire 
length of an ommatidium being up to 400 μm, compared to a total length of the 
rhabdomeres in an ommatidium in I. senegalensis of ~250 μm (Ninomiya et al. 1969). 
 
 
Fig. 5.3. Cryo-sections with eosin staining. (A) Cross-section showing overall view at 
~60 μm in depth from the corneal surface (5x magnification); (B) cross section of four 
retinula cells indicated by arrows (40x magnification); (C) schematic indicating the 
section location on the eye.  
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Fig. 5.4. Semi-thin sections showing: (A) the entire length of the ommatidia at 
longitudinal axis (20x magnification); (B) cross section of five retinula cells at ~120 
μm in depth of the ommatidium (40x magnification); (C) cross section of four retinula 
cells at ~260 μm in depth of the ommatidium (40x magnification); (D) schematic 
indicating the section locations on the eye for (B) and (C). 
 
Although the fine-scale anatomy of individual ommatidia within the compound eyes 
of I. heterosticta could not be revealed using the current approach, it gives an 
indication of approximate length and layout of the ommatidia, and thus essential 
knowledge for electrophysiological experiments determining spectral sensitivities 
(Chapter 6). The existence of multiple retinula cells with different rhabdom lengths in 
I. heterosticta suggests a potential self-screening function influencing the spectral 
sensitivities of the photoreceptors (Nilsson et al. 1987, Stavenga and Schwemer 1984). 
 
Implications of I. hererosticta eye morphology 
Rhabdomere morphology in most insects can be classified into two main types: the 
open rhabdomere, which is found e.g. in flies (Snyder 1973), and the fused 
rhabdomere, which exists in dragonflies or damselflies (Fig. 5.5). A fused rhabdomere 
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means that several photoreceptors (retinula cells) are fused together to form a central 
light guiding structure, the rhabdom (Bullock and Horridge 1965). The fact that the 
membranes of the retinula cells are fused together in this kind of rhabdomere also 
means that the photopigments are coupled. 
 
Fig. 5.5. Schematic of (A) fused rhabdomere, and (B) open rhabdomere. Shown are 
examples with 8 retinula cells.  
 
Our histological results do not have sufficient resolution to show that I. heterosticta 
has a fused rhabdomere, but results from I. senegalensis and I. elegans indeed point 
out that their rhabdomere has a fused structure (Ninomiya et al. 1969, Meyer and 
Labhart 1993). Given the likely conservation between these two species and I. 
heterosticta with respect to eye morphology, it is possible that I. heterosticta also has a 
fused rhabdomer. It is believed that the fused rhabdomere has a potential function in 
fine grain colour vision, for instance hue discrimination within a small field of view 
(Snyder 1973), which could be important for I. heterosticta when discriminating subtle 
female body colours during mate choice. Furthermore, coupling of photopigments in 
fused rhabdomers may lead to broader spectral sensitivity curves (Snyder 1973), 
similar to those found in I. heterosticta (see Chapter 6) providing indirect evidence 
that this species may indeed have a fused rhabdomere. 
Clearly, a fused rhabdomer would have significant implications for the visual 
capabilities of I. hetereosticta, and could help explain many of the behavioural and 
physiological findings described in this thesis. In order to determine with certainty 
whether I. heterosticta has a fused rhabdomere, one would need to investigate the 
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orientations and arrangement of microvilli of each retinula cell within the rhabdom. It 
is clear that a whole series of detailed experiments are needed to unravel the complete 
architecture of the compound eyes in I. heterosticta, including precise number and 
arrangement of the retinula cells with respect to the central rhabdom. However, such 
an anatomical study was beyond the scope and focus of this thesis. The histological 
results presented here merely provided the necessary knowledge for the 
electrophysiolgoical experiments in the next chapter. 
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Spectral sensitivities and colour signals in a polymorphic damselfly 
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6.1 Abstract 
Animal communication relies on conspicuous signals and compatible signal 
perception abilities. Good signal perception abilities are particularly important for 
polymorphic animals where mate choice can be a challenge. Behavioural studies 
suggest that polymorphic damselflies use their varying body colourations and/or 
colour patterns as communication signal for mate choice and to control mating 
frequencies. However, reports combining physiological results with spectral 
discrimination and behaviorual data are scarce. I investigated this question in the 
Australian common blue tail damselfly, Ischnura heterosticta, which has pronounced 
female-limited polymorphism: andromorphs have a male-like blue colouration and 
gynomorphs display green/grey colours. I measured body colour reflectance and 
investigated the visual capacities of each morph, showing that I. heterosticta have at 
least three types of photoreceptors sensitive to UV, blue, and green wavelength, and 
that this visual perception ability enables them to detect the spectral properties of the 
colour signals emitted from the various colour morphs in both males and females. I 
further demonstrate that different colour morphs can be discriminated against each 
other and the vegetation based on colour contrast. Finally, these findings were 
supported by field observations of natural mating pairs showing that mating partners 
are indeed chosen based on their body colouration. Our study provides the first 
comprehensive evidence for the function of body colouration on mate choice in 
polymorphic damselflies. 
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6.2 Introduction 
Signal emission and perception in a given visual system plays a crucial role in animal 
communication. Successful signalling via colours relies on the capacity of receivers to 
discriminate the target against the background noise (Osorio and Vorobyev 2008, 
Schultz et al. 2008). Good signal perception ability is particularly important for 
polymorphic animals, because the existence of multiple inter- and/or intra-sexual 
morphs is a significant challenge during mate choice in a reproductive site (Parr 1973, 
Fincke 1987). The ability to accurately detect visual signals not only helps animals to 
recognize potential mates, it also reduces the energy cost involved in mate searching. 
Ischnuran damselflies (Odonata: Zygoptera: Coenagrionidae) are an excellent animal 
model to investigate the evolutionary arms race between colour signals and perception 
for two reasons. Firstly, ischnuran damselflies display diverse body colourations with 
polymorphism commonly confined to females, making mate choice a challenge 
(Fincke et al. 2005, Schultz et al. 2008, Van Gossum et al. 2011). Andromorph 
females have a male-like appearance, and gynomorph females express a distinctly 
different colour to males or andromorphs. Female-limited polymorphism is believed to 
have evolved due to sexual conflicts over mating frequencies (Gross 1996). Body 
colouration has always been assumed to be an important cue in mate choice and 
reproduction of ischnuran damselflies. However, to date there have been few detailed 
studies examining the spectral sensitivities of the visual photoreceptors and the body 
reflection in damselflies (Schultz et al. 2008, Van Gossum et al 2011, Henze et al. 
2012). Whether and how the body colours indeed influence mate choice behaviour 
needs to be investigated from the damselflies’ visual perspective.  
The second reason why ischnuran damselflies are a useful model for signalling and 
perception studies, lies in the fact that the Odonata as a whole (damselflies and 
dragonflies) have well-developed vision. Some have up to five photoreceptor types 
ranging from UV to long wavelengths (Meinertzhagen et al. 1983, Lavoie-Dornik et al. 
1988, Yang et al. 1991, Briscoe and Chittka 2001). Previous studies have interpreted 
the effect of multiple female morphs in damselflies on mating frequencies mainly from 
the human visual perspective (Fincke  et al. 2005, 2007, Joop et al. 2006), not taking 
into account that the perceptual capacity for colours significantly differs between 
humans and damselflies. Species-specific differences in visual spectral sensitivities 
can lead to a significant bias when analyzing colour discrimination abilities as the 
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number and the peaks of spectral sensitivities play a significant role when calculating 
chromatic contrasts (Vorobyev and Osorio 1998, Vorobyev et al. 1998, 2001).   
Here, I used the Australian damselfly, Ischnura heterosticta to investigate whether and 
how their body colouration (signal emission) is correlated to their spectral 
discrimination ability (signal perception) in the context of mate choice. Similar to 
other ischnuran damselflies, I. heterosticta show female-limited polymorphism: 
andromorph females display a blue colour conspicuous to the human eye, which is the 
same blue colouration that males display (see Chapter 2). Gynomorph females, on the 
other hand, have distinctly different colourations including green, grey and 
intermediate forms (see Chapter 2). I. heterosticta is unique in that this female 
polymorphism is split between immature and mature stages. Gynomorphs of I. 
heterosticta are mature, and andromorphs are immature females. After a period of 4-7 
days, during which the andromorphs mature, an ontogenetic colour change from male-
like blue to gynomorphic green-grey occurs to signal sexual maturity and readiness for 
mating to males (see Chapter 3). Mating in I. heterosticta occurs in the early morning 
just after sunrise (see Chapter 2). Field observations and behavioural experiments 
suggest that the body colouration in I. heterosticta is an important cue for mate choice 
and sexual selection, as males predominantly prefer to mate with gynomorphic 
females and avoid the immature andromorphs (see Chapters 2, 3, and 4). Although 
behavioural data indicate that colour signals play a crucial role in reproduction of this 
species, physiological evidence regarding their spectral sensitivities is still lacking.  
The aim of this study was to determine whether the colour signals emitted by I. 
heterosticta morphs can be discriminated by their visual system, and whether males 
indeed use these signals for mate recognition when encountering polymorphic females. 
First I measured the spectral reflectance of the different I. heterosticta morphs, 
secondly I determined their photoreceptor spectral sensitivities using 
electrophysiological methods, and thirdly calculated chromatic and achromatic 
contrasts between individual morphs and the background from the visual perspective 
of I. heterosticta. Lastly, field observations on mating partner preferences were used 
for behavioural validation of the physiological prediction. 
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6.3 Material and methods 
Animal collection  
Damselflies were collected throughout the year from a pond in Fig Tree Pocket near 
Brisbane, Australia, and the lake on the St. Lucia campus of The University of 
Queensland, Australia. Damselflies were kept individually in a dark container with 
moist filter paper for no longer than two days before electrophysiology was conducted. 
Individuals were first used for electrophysiological recordings, and subsequently for 
colour reflectance measurements. No permission is required for research on I. 
heterosticta in Australia as they are not protected or endangered species, and the 
studies were conducted in residential parks. 
Light stimuli for electrophysiology 
A 150W Xenon arc lamp (Thermo Oriel, USA) was used as the light source for the 
electrophysiology. Monochromatic light was produced by a computer-controlled 
monochromator (model 7340, Oriel Instruments, USA) and delivered via a 520 μm 
optic fiber (model 77557, Newport, USA) 15 to 18 cm in front of the test animal’s 
eyes. Stimulus brightness was controlled by a UV-grade circular linear variable neutral 
density filter (ND, 4 log units). During the test, light flow was calibrated by adjusting 
ND filters to produce equal quantum flux at each wavelength step of the measurement. 
A shutter (LS6, Uniblitz, USA) was used to control light duration of the flashes. 
Visual stimuli (50 ms) were presented with an interval of two seconds between 
measuring steps. Light was delivered in 20nm intervals. To eliminate the potential 
effect of chromatic adaptation during the experiment, light stimuli from short to long 
wavelengths and the reverse direction were both recorded.  
Electroretinogram recordings 
Electroretinogram (ERG) is a quick method to examine the response from the overall 
visual system. Before ERG recordings, freshly collected individuals (12 males, 10 
andromorphs, 11 gynomorphs) were kept in a fridge at 8°C for at least one hour, and 
dark-adapted for at least 30 minutes before ERG was conducted. Appendages of 
damselflies were removed and the openings were sealed with Vaseline to prevent the 
loss of body fluid. Damselflies were placed on a platform and immobilized with a 
mixture of beeswax and resin (3:1). The platform was then transferred into a Faraday 
cage with the eyes of the individual located at the center of the light stimulus 
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apparatus and facing horizontally. Two chlorinated silver wires serving as recording 
electrodes were attached with conductive gel (Sigma gel, Parker laboratory Inc. USA) 
to the same region of cornea surface of the two compound eyes to compare evoked 
potential differences between two corneal surfaces after light stimulation of one eye. A 
hyperpolarized response was recorded as the summed neural activity of the whole eye. 
A third chlorinated silver wire was inserted into the thorax as the indifferent electrode. 
The recorded signal was pre-amplified with an AC differential amplifier (DP-301, 
Warner Instrument Corp., USA) with band-pass filters from 1 Hz to 1 kHz. The 
amplified signal was acquired and transferred to a desktop computer for data analysis 
using a multifunction data acquisition device (NI USB-6009, National Instruments, 
USA). Each damselfly was tested within two hours after preparation and animals were 
still alive during the recordings. Three ERG measurements were taken from each 
subject. The results were averaged and pooled for each morph. 
Intracellular recordings 
In order to determine the spectral sensitivity of individual photoreceptors in the eyes 
of I. heterosticta, intracellular recordings were conducted. The animal was mounted 
the same way as described for the ERG measurements. Using a razor blade, a small 
triangular hole (covering around 150 facets) was cut in the left eye under dim red light 
illumination. The hole was immediately sealed with a drop of silicone lubricant 
(Molytec, Australia) to prevent clotting and dehydration. The animal was positioned 
with an eye in the center of a rotatable optic fiber holder in the Faraday cage. A 
chlorinated silver wire was inserted into the thorax as an indifferent electrode and 
surrounded with conductive gel. Sharp glass capillaries (GC 120F-15, OD: 1.2 mm, ID: 
0.69 mm, Harvard Apparatus Ltd., Kent, UK) were pulled using a micropipette puller 
(P-97; Sutter Instrument Co., Novato, California, USA), filled with 1 M KCl solution 
(yielding 80 to 160 MΩ resistance), mounted on an electrode holder head stage (HS-2, 
Axon Instruments, USA) and inserted into the eye through the opening.  
The glass electrode was slowly lowered into the tissue using a water-filled hydraulic 
micromanipulator (MMW-20, Narishige Co. Ltd. Japan). Once the membrane 
potential dropped below -25 mV, a white light from an external strobe (Q15, 
Quantaray, Japan) was delivered to test if a depolarized response could be elicited as 
indication that the electrode had penetrated a photoreceptor. Further white light flashes 
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were delivered from various angles to identify the optimal receptive field of the 
penetrated photoreceptor. The damselfly was then dark adapted for 30 minutes before 
measurement.  
Response-log stimulus intensity (V/logI) curve was measured (17 white light 
intensities over 4 log units with 50 ms flash in 5 s interval). A flash method (Menzel et 
al. 1986) was applied, and each photoreceptor cell was examined three times between 
300 to 700 nm in both directions. The recorded signal was amplified by a 
multipurpose microelectrode amplifier (AXOPROBE-1A, AXON Instruments, USA) 
and analyzed as for the ERG. Spectral sensitivity curves of the photoreceptors were 
corrected based on the results of V/logI. A hyperbolic function:  
V
Vmax
=
R* I( )
n
R* I( )
n
+1
  (1), 
where I is stimulus intensity in quantal flux; V is the amplitude of the receptor 
response in mV;  Vmax is the saturated response amplitude; R is the intensity yielding 
a 50% response of Vmax; n is a constant determining the slope of the function 
(coefficient n values for UV cells: 0.657± 0.069; blue cells: 0.569± 0.072; green cells: 
0.694± 0.142) (details see Matić and Laughlin 1981, Menzel et al. 1986). Photon 
absorption at different wavelengths of light was calculated accordingly. The spectral 
sensitivities of the examined photoreceptors were compared to a previously described 
template for visual pigments (Stavenga et al. 1993). Stavenga et al. developed 
modified lognormal formulae to meet the well-described shape of experimental 
absorbance spectral for vitamin A-based visual pigments. In total, 61 individuals (31 
males, 12 andromorphs, 19 gynomorphs) were tested using intracellular recordings, 
which included 7 UV cells, 17 Blue cells, 52 Green cells.  
Spectral reflectance and irradiance measurements 
The reflectance spectra of the bodies of the various damselfly morphs were acquired 
with a miniature spectrometer (USB-4000-UV-VIS, Ocean Optics, Inc., Dunedin, FL). 
The samples were illuminated with a 150 W Xenon lamp (Thermo Oriel, USA). 
Damselflies from the electrophysiological experiments and field collections were 
placed on a horizontal platform and measurements were taken from thoraces through 
an optic-fiber cable (P100-2-UV-VIS, Ocean Optics, Dunedin, Florida, USA). In order 
to calculate the relative reflectance spectra of the sample, I also took measurements 
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from a WS-1 diffuse reflectance standard (Ocean Optics) under the same conditions. I 
measured the spectral reflectance from 31 males, and 103 females (19 andromorphs, 
22 green gynomorphs, 47 intermediate gynomorphs, and 15 grey gynomorphs). Three 
measurements per individual were taken on the thorax where blue, green, and grey 
colourations appeared. Reflectance results were averaged to 1 nm intervals ranging 
from 300 to 700 nm. 
Spectral irradiance was measured using the same spectrometer (USB-4000, Ocean 
Optics), which was first calibrated using DH-2000 (Ocean Optics) as the standard light 
source to obtain the radiant energy conversion ratio for the spectrometer. This allowed 
us to convert irradiance measurements from energy units into photons. In order to 
acquire the spectral irradiance of the vegetation background, mixed plant leaves (n= 
40) collected from the study site were measured, and reflectance spectra were pooled 
as the background spectrum representing the locations where damselflies perched on 
vegetation. Lastly, I measured the ambient environmental light conditions, focusing on 
the morning hours when I. heterosticta predominantly mates. I. heterosticta start to 
form copulation pairs after sunrise, and the light intensity varies dramatically during 
the first few hours after dawn. I therefore measured two types of environmental light 
irradiance from the study site, twilight (05:00 AM), and morning (06:00 AM to 08:00 
AM). Twilight irradiance was measured from 23
rd
 to 26
th
 October 2011. Morning 
irradiance was collected from 3
rd
 to 7
th
 October 2011. All measurements were 
conducted hourly and the results were averaged for analyzes.  
Calculation of chromatic/achromatic contrasts and discrimination values 
By using the spectral sensitivities of the photoreceptors and the reflectance spectrum 
of each morph as well as the spectrum of the green background vegetation under 
different light irradiances, I calculated the receptor-specific chromatic and achromatic 
contrasts (Vorobyev et al. 1998, 2001, Vorobyev and Osorio 1998). The receptor 
quantum catches (Qi) were calculated as:  
Qi = Si(l)I(l)R(l)dl300
700
ò   (2),  
where i denotes the spectral types of receptor (UV, B, G), Si(λ) is the spectral 
sensitivity function of the receptor i, I(λ)  is the illumination spectrum, and R(λ) is the 
reflectance spectrum of each morph of individuals or green vegetation. The receptor-
 101 
specific contrast (qi), which is the quantum catch of each receptor class adapted to its 
light background was established as,  
qi =Qi Qi
B
  (3), 
where Qi
B
 is the adaptation coefficient of a receptor to its light environment by using 
the von Kries transformation (Foster and Nascimento 1994).  
Discrimination values (ΔS) of the trichromatic visual system were calculated 
according to equation (3). Intensity (brightness) cues are ignored in this model.  
(DS)2 =
[w1
2(Df3 -Df2 )
2 +w2
2(Df3 -Df1)
2 +w3
2(Df1 -Df2 )
2 ]
[(w1w2 )
2 + (w1w3)
2 + (w2w3)
2 ]
  (4), 
where ωi is the noise value of each receptor class (ωUV= 0.207,ωB= 0.244, ωG= 0.217, 
values were adapted from equation (5) and (6) in Vorobyev et al. (2001). fi= Ln(qi) is 
the log transformed receptor-specific contrast and Δfi is the difference in a receptor 
between two stimuli (pair-wise comparisons between different morphs or with the 
green vegetation). The units of ΔS are jnd (just noticeable differences).  
Achromatic contrast (brightness contrast) was also analyzed by using the green 
sensitive receptor (i) (Srinivasan 1985, Spaethe et al. 2001),  
DS = Dfi w   (5).  
Electrophysiological and behavioural evidence to determine the definitive 
discriminated threshold value in chromatic and achromatic contrasts for damselflies 
was not available. Therefore, I have set an arbitrary jnd value of 1 as discrimination 
threshold, based on a previous study using honeybees (Apis mellifera) (Vorobyev et al. 
2001). I have applied ANOVA with Bonferroni correction to compare chromatic as 
well as achromatic contrasts between inter-sexual colour spectra, intra-sexual colour 
spectra, and colour spectra of morphs and vegetation under two light irradiance 
conditions (twilight and morning light) to determine the statistical difference with 
respect to the damselfly’s visual system when viewing individual colour morphs. One-
tailed t-tests were applied to investigate whether both chromatic and achromatic 
contrasts were significantly different compared to the jnd threshold value 1, under 
both light irradiance conditions. 
Observation of morph frequencies from mating pairs 
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The observations of mating morph frequencies were conducted from 5:00 to 9:00 AM 
between December 2011 and January 2012 (n= 31 days). Comparisons of female 
morph numbers between mating pairs and the general female population were 
conducted to determine female morph preferences of males for mating. Results were 
analyzed by G-test to determine male mate preference.  
 
6.4 Results 
Spectral sensitivities and responses of photoreceptor cells 
I. heterosticta showed no signs of sexual dimorphism in ERG recordings (Fig. 6.1). 
They were mostly sensitive to green light, with a primary peak at 520-540 nm, and a 
secondary peak in the ultraviolet (360 nm) (Fig. 6.1). Three types of photoreceptor 
cells (UV, blue, and green) were discovered using intracellular recordings. No sex 
differences were identified, and the data were thus pooled for all individuals (Fig. 6.2 
A). Three types of visual pigments, with maximal sensitivities of UV, blue and green 
receptors at λmax = 360, 450 and 525 nm, respectively, were clearly distinguished from 
one another using the template derived from Stavenga et al. (1993) (Fig. 6.2 B).  
 
 
 
 
Fig. 6.1. Electroretinogram (ERG) measurements from eyes of males and females of I. 
heterosticta. Results are mean ± s.e. of males (solid line, 12 individuals) and females 
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(dotted line, 10 andromorphs and 11 gynomorphs pooled together). Bars of s.e. are 
upward for males and downward for females. 
 
 
Fig. 6.2. Spectral sensitivity of photoreceptor cells from intracellular recordings from 
the eyes of I. heterosticta. (A) Spectral sensitivity curves (mean ± s.e.) established by 
calculating photon absorption of the examined photoreceptors using the intracellular 
recordings, with results normalized to 100% according to the maximum value of each 
photoreceptor; (B) curves generated from a template for visual pigments developed by 
Stavenga et al. (1993) with λmax at 360, 450, and 525 nm. Template curves (λmax = 450, 
525nm) were adjusted for self-screening based on Lambert-Beer's Law. Measurements 
were pooled from 61 individuals (31 males, 12 andromorphs, and 19 gynomorphs). 
 
Colour reflectance of I. heterosticta, vegetation, and light environment irradiance 
The bodies of males and andromorphs had similar reflectance spectra, with a major 
peak from 400 to 520 nm, accounting for their blue appearance, with the amplitude 
being slightly greater in males than andromorphs (Fig. 6.3A, Table 6.1). 
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Fig. 6.3. Relative spectral reflectances and irradiance. (A) Relative spectral 
reflectances from the bodies of males, andromorphs, and the three variants of 
gynomorphs of Ischnura heterosticta, and the green vegetation background (see Table 
6.1 for descriptive statistics). Numbers in brackets represent sample sizes. (B) Relative 
irradiance of the ambient light environments from twilight and morning (mean) at the 
study sites (maximum photon numbers of twilight and morning are 1.16x10
19
 and 
8.79x10
19
/s/cm
2
 respectively). 
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Table 6.1. Descriptive statistical values of the colour reflectance of each morph. 
Results are presented at 50nm intervals from 300 to 700nm from 31 males, 19 
andromorphs, 22 green gynomorphs, 47 intermediate gynomorphs, 15 grey 
gynomorphs, and 40 vegetation samples. S.D.: standard deviation; min.: minimum 
value; 25%: first quartile (25th percentile); 50%: median value (50th percentile); 75%: 
third quartile (75th percentile); max.: maximum value. 
 300nm 350nm 400nm 450nm 500nm 550nm 600nm 650nm 700nm 
Males Mean 3.33 7.73 36.07 45.92 46.83 36.02 22.42 13.56 10.37 
 S.D. 0.88 2.54 6.24 5.54 6.21 5.48 3.45 2.84 2.02 
 Min. 1.12 4.54 21.85 29.61 31.66 29.31 16.54 5.24 4.84 
 25% 1.84 5.12 32.52 39.83 39.59 33.62 18.24 11.21 7.15 
 50% 3.25 7.84 39.87 46.65 46.65 39.99 21.95 13.89 10.03 
 75% 5.24 10.54 43.01 48.44 50.37 44.56 25.21 15.28 12.89 
 Max. 7.15 13.54 51.43 58.02 57.56 50.41 30.15 18.54 15.21 
Andromorphs Mean 4.01 7.51 29.94 38.51 34.36 22.42 14.72 11.01 12.41 
 S.D. 1.02 2.85 4.84 6.12 5.21 3.12 4.84 4.18 2.54 
 Min. 2.21 5.02 18.76 23.56 21.81 17.74 12.47 8.94 9.86 
 25% 2.84 6.02 27.93 29.38 29.76 22.81 14.95 11.04 10.54 
 50% 4.15 7.48 29.85 34.55 30.35 23.26 14.98 11.93 11.24 
 75% 5.85 8.85 32.94 40.58 37.05 29.71 21.41 16.28 14.85 
 Max. 6.02 11.51 39.89 49.25 45.99 32.54 33.38 26.24 20.84 
Green Mean 13.31 10.92 11.37 10.22 17.53 24.84 24.83 21.61 18.96 
 S.D. 0.21 1.81 1.46 1.54 1.76 1.75 1.73 1.91 2.11 
 Min. 13.09 8.71 9.23 8.20 14.85 21.77 22.09 18.95 16.32 
 25% 13.15 9.72 10.44 9.14 16.57 23.92 23.98 20.60 17.60 
 50% 13.23 10.27 11.15 9.80 17.14 24.87 24.58 21.38 18.33 
 75% 13.42 12.43 12.32 11.40 18.90 25.68 25.50 21.97 20.19 
 Max. 13.68 13.47 13.81 12.66 20.21 27.27 27.67 25.31 22.95 
 
Green females had a peak between 520 and 620 nm, and reflectance below 470 nm 
remained low at ca. 10%. Grey females had a low reflectance spectrum along the 
entire wavelength range from 300 to 700 nm accounting for their dull grey colouration. 
Intermediate females had a constant reflectance across the entire measured wavelength 
range, similar to grey individuals but the amplitude was larger (Fig. 6.3 A, Table 6.1). 
The reflectance spectra collected from vegetation showed a peak at 530-560 nm (Fig. 
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6.3 A, Table 6.1). Environmental irradiance measurements revealed that light intensity, 
i.e. the relative photon number compared to the maximum, was much lower under 
twilight than under morning conditions (Fig. 6.3 B). 
Discrimination capacity based on chromatic and achromatic contrasts 
The chromatic contrast calculations showed that males and andromorphs (jnd: 
twilight= 0.69; morning light= 0.53) appear similar to the visual system of I. 
heterosticta (jnd< 1) compared to other inter-sexual comparisons under both twilight 
and morning light environments (Fig. 6.4 A, twilight: F3, 3194= 787.26, p< 0.01; 
morning light: F3, 3194= 1630.47, p< 0.01; Table 6.2). That is, males and andromorphs 
are most likely difficult to discriminate for I. heterosticta due to their similar colour 
reflectance. In contrast, the three types of gynomorphs can be clearly distinguished 
from males (jnd values range between 2.28 and 3.23 under twilight and morning light, 
Fig. 6.4 A, Table 6.2), providing the evidence that I. heterosticta is able to 
discriminate gynomorphs from males based on the chromatic contrast between them 
(Table 6.2). Unlike the chromatic results, achromatic contrasts between males and 
females all showed a higher jnd value (ranging from 1.63 to 7.79, Fig. 6.4 B) 
suggesting that I. heterosticta could utilize achromatic signals to distinguish different 
genders and morphs (Fig. 6.4 B, twilight: F3, 3194= 711.30, p< 0.01; morning: F3, 3194= 
864.74, p< 0.01; Table 6.2).  
A high jnd value in intra-female pair-wise comparisons (ranging from 1.18 to 3.11, Fig. 
6.4 C) suggested that all could be visually discriminated based on chromatic contrast 
alone under both light conditions except for intermediate vs grey females (Fig. 6.4 C, 
twilight: jnd= 0.45, t704= 19.56, p< 0.01; morning: jnd= 0.51, t704= 24.45, p< 0.01, 
Table 6.2). Achromatic comparisons between any two female morphs all showed high 
contrast (jnd values ranging from 1.68 to 6.25, Fig. 6.4 D) except for the comparison 
between green and intermediate morphs (Fig. 6.4 D, twilight: jnd= 0.64, t1033= 215.4, 
p< 0.01; morning: jnd= 0.50, t1033= 228.4, p< 0.01, Table 6.2).  
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Fig. 6.4. Chromatic and achromatic contrasts. Pair-wise comparisons in Ischnura 
heterosticta under twilight and morning irradiance (mean ± s.d.). Jnd value: ‘just 
noticeable differences’ used as discrimination index; a jnd value of 1 has been set as 
discrimination threshold value (dashed line) (A) Chromatic and (B) achromatic 
contrast comparisons between males and females; (C) chromatic and (D) achromatic 
contrast comparisons between female morphs; (E) chromatic and (F) achromatic 
contrast comparisons between individuals and vegetation. ANOVA with Bonferroni 
cluster was used to analyze overall differences within each group separately for 
twilight and morning light conditions (see text for statistical results), and different 
letters inside bars signify statistical difference at P< 0.001. For statistical results of the 
comparisons of contrasts to the jnd threshold value 1, see Table 6.2. 
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The comparisons between individuals and vegetation showed significantly lower 
discrimination values between green females and vegetation (jnd values: twilight= 
0.91, morning= 0.86, Fig. 6.4 E, Table 6.2) than for the other morphs (jnd values 
ranging from 1.84 to 2.70, Fig. 6.4 E, Table 6.2) suggesting that green females 
camouflage against the surrounding vegetation efficiently, while the other morphs 
were conspicuous against green vegetation (Fig. 6.4 E, twilight: F4,5359= 568.82, p< 
0.01; morning: F4,5359= 842.24, p< 0.01). Achromatic contrast suggests that the 
intensity signals from the various morphs could be discriminated against the 
background by the I. heterosticta visual system, including the green females (jnd 
values ranging from 1.37 to 5.64, Fig. 6.4 F, twilight: F4,5359= 687.96, p< 0.01; 
morning: F4,5359= 548.52, p< 0.01, Table 6.2). 
 
Table 6.2. One sample t-test of chromatic and achromatic contrasts under twilight and 
morning light compared with the jnd threshold value, 1. Individual analyses were 
conducted on contrast data obtained for gender comparison (inter-sexual: males vs. 
female morphs), within gender (intra-sexual: female morph vs. female morph), and 
between individual morph and background vegetation. 
 Twilight Morning 
     Chromatic       Achromatic     Chromatic     Achromatic 
                                                             t (df)  P   t (df)  P          t (df)  P t (df)  P 
Inter-sexual         
    Male-Andromorph 42.35 (588) <0.01  53.17 (588) <0.01         30.41 (588) <0.01 56.61 (588) <0.01 
    Male-Green 85.25 (681) <0.01  118.4 (681) <0.01         91.27 (681) <0.01 111.3 (681) <0.01 
    Male-Intermediate 137.4 (1456) <0.01  242.8 (1456) <0.01         161.2 (1456) <0.01 261.4 (1456) <0.01 
    Male-Grey 74.25 (466) <0.01  171.1 (466) <0.01         73.94 (466) <0.01 180.2 (466) <0.01 
Intra-sexual         
    Green-Andromorph 57.64 (417) <0.01  52.25 (417) <0.01         65.52 (417) <0.01 47.68 (417) <0.01 
    Green-Intermediate 78.96 (1033) <0.01  215.4 (1033) <0.01         86.2 (1033) <0.01 228.4 (1033) <0.01 
    Green-Grey 22.89 (329) <0.01  68.75 (329) <0.01         29.81 (329) <0.01 81.47 (329) <0.01 
    Intermediate-Andromorph 137.1 (892) <0.01  105.4 (892) <0.01         142.8 (892) <0.01 47.68 (892) <0.01 
    Intermediate-Grey 19.56 (704) <0.01  151.7 (704) <0.01         24.45 (704) <0.01 160.3 (704) <0.01 
    Grey-Andromorph 47.58 (284) <0.01  71.25 (284) <0.01         49.96 (284) <0.01 90.11 (284) <0.01 
Against vegetation         
    Male-Vegetation 111.9 (1239) <0.01  344.3 (1239) <0.01         127.4 (1239) <0.01 317.5 (1239) <0.01 
    Andromorph-Vegetation 260.1 (759) <0.01  179.4 (759) <0.01         213.2 (759) <0.01 163.1 (759) <0.01 
    Green-Vegetation 42.77 (879) 0.11  78.48 (879) <0.01         37.51 (879) 0.06 64.02 (879) <0.01 
    Intermediate-Vegetation 222.1 (1879) <0.01  261.1 (1879) <0.01         248.2 (1879) <0.01 154.4 (1879) <0.01 
    Grey-Vegetation 83.33 (599) <0.01  50.01 (599) 0.129         94.27 (599) <0.01 72.14 (599) <0.01 
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Mate choice preference 
Results of mate choice observations from 869 mating pairs from the field showed that 
males preferred predominantly to mate with gynomorphs (>99 %) and ignored 
andromorphs, although they comprised 11% of the female population in the field (Fig. 
6.5, G0.05,3= 33.97, p< 0.01 for 5-6 AM; G0.05,3= 25.56, p< 0.01 for 6-7 AM; G0.05,3= 
27.27, p< 0.01 for 7-8 AM, and G0.05,3= 18.11, p< 0.05 for 8-9 AM). Over the entire 
observation period, only two andromorphs were observed mating with males, which 
suggested that males did not recognize andromorphs as mating partners.  
 
 
Fig. 6.5. Female morph frequencies in the damselfly I. heterosticta. Female morph 
frequencies were recorded from (A) the overall population, and (B) mating pairs 
during the first four hours after sunrise. Shown are means ± s.d., n= 31 days. Statistical 
comparison between (A) and (B) described in the text. 
 
6.5 Discussion 
The vibrant body colouration has always been considered an important cue for 
Odonata to recognize and assess mate quality (Gorb 1998, Van Gossum et al. 2001), 
but solid evidence combining physiological with spectral and behavioural data is 
scarce. Here, I provide first evidence that ischnuran damselflies of the species 
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Ischnura heterosticta have three spectral classes of photoreceptors, which suggests the 
potential of colour vision. I further show that their visual system can detect the 
spectral properties of the various colour morphs in both males and females, and that 
the morphs can be discriminated against each other and the vegetation based on 
theoretical contrast calculations. Finally, these findings were supported by field 
observations of natural mating pairs showing that mating partners are indeed chosen 
based on their body colouration, as well as by the colour manipulation experiments 
described in Chapter 4. 
Spectral sensitivities and colour signals 
Well-developed visual systems are found in many Odonata (Meinertzhagen 1983, 
Lavoie-Dornik et al. 1988, Yang and Osorio 1991, Briscoe and Chittka 2001). Our 
study confirms this in demonstrating that I. heterosticta also have three spectral 
photoreceptor types, being able to detect UV, blue, and green wavelengths of light. It 
differs, however, from the vision of other dragonfly and damselfly species (e.g. 
Sympetrum rubicundulum, Hemicordulia tau, and I. elegans), that may have four or 
five photoreceptor types sensitive from UV to long wavelength light, and that also 
display various body colours potentially used for mate discrimination (Meinertzhagen 
1983, Yang and Osorio 1991, Henze et al. 2012). Although our electrophysiological 
data cannot entirely rule out the possibility of tetrachromatic colour vision also in I. 
heterosticta, trichromacy seems more likely. Evidence at the molecular level shows 
that Telebasis salva (Coenagrionidae) damselflies have only three copies of opsin 
genes, namely UV, blue and LW opsins (Bybee 2012), and recent results from our 
laboratory similarly identified three opsin genes in I. heterosticta (Chapter 7). This is 
consistent with the idea that Odonata are ancient insects whose visual system 
originates from UV-blue-green-trichromacy of the ancestor of all pterygote insects 
(Briscoe and Chittka 2001). The tetrachromacy found in a closely related species, I. 
elegans (Henze et al. 2012) may suggest that the two types of LW photoreceptors 
could have risen from gene duplication; however there are no studies to date that could 
confirm this.  
Use of colour signals for mate recognition 
Visual signals are widely used in Odonata to recognize conspecifics, and include body 
shape (Ubukata 1983), wing colouration (Watanabe and Taguchi 1990, Plaistow and 
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Tsubaki 2000), and body colouration (Gorb 1998, Miller and Fincke 1999, Schultz et 
al. 2008, Takahashi and Watanabe 2011, Van Gossum et al. 2011). Artificial 
modification of the natural body colouration of coenagrionid damselflies showed that 
colour signals might be important for mate recognition (Gorb 1998, Chapter 4). Our 
study confirms this by providing solid physiological evidence of three photoreceptor 
types in I. heterosticta as basis of colour vision, that enables them to discriminate 
relevant spectral differences, and by calculating the chromatic and achromatic 
contrasts between the various morphs. The latter showed that I. heterosticta vision is 
equipped to detect the colour difference between gynomorphs and andromorphs, but 
has difficulties distinguishing between males and andromorphs. This makes sense in 
light of the fact that andromorphs are immature and their blue body colour may be a 
signal to avoid mating (see Chapter 3). Furthermore, new results of male mate choice 
experiments that manipulated female body colourations confirmed that I. heterosticta 
have colour vision and indeed use it for mate selection (see Chapter 4). Thus, our 
results demonstrate that this species is physiologically able to use body colour signals 
to correctly detect, identify and discriminate mating partners. 
Van Gossum et al. (2011), and Schultz et al. (2008) used a similar method to show the 
importance of colour signals for discrimination of individual morphs. However, unlike 
ours neither of the above studies included spectral sensitivity data from a specific 
damselfly species for their calculations, which can significantly bias the calculated 
colour and contrast discrimination abilities. Also, our field observations provide 
additional behavioural evidence that I. heterosticta choose mating partners based on 
their body colours, as males predominantly mate with gynomorphs and mostly ignore 
andromorphs, although the latter comprise nearly 11% of the female population. 
Clearly, males recognize the grey-green gynomorphs as the mature females, which are 
ready for mating, and avoid the blue andromorphs, whose body colour signals sexual 
immaturity (see Chapter 3). 
Mating with andromorphs: a case of mistaken mate recognition? 
Although I. heterosticta males generally avoid mating with the immature blue 
andromorphs, I still observed males mating with andromorphs on rare occasions. Have 
males in this case made “a visual mistake” and incorrectly chosen an andromorph, or 
have they “deliberately” chosen an andromorph? Although andromorphs are very 
similar to males, their colour reflectance is less intense and under certain conditions 
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andromorphs may be distinguished as females and chosen as mates. In a number of 
Ischnura species, male damselflies mate with andromorphs: for example, when the 
proportion of andromorphs suddenly increases (Van Gossum et al. 2001, Sánchez-
Guillén et al. 2005, Iserbyt and Van Gossum 2009, Ting et al. 2009), or when 
andromorphs become the preferred choice due to a previous mating experience with an 
andromorph (Miller and Fincke 1999, Takahashi and Watanabe 2008). In case of I. 
heterosticta, however, neither scenario is likely. As all andromorphs eventually 
change colour to gynomorphs (Chapter 3), they can never achieve or maintain a high 
enough proportion within a population, which could lead to more regular mate choice 
of andromorphs. Furthermore, with andromorphs not predominant in the field, and 
mostly being considered rivals by males and being aggressively harassed (Chapter 3), 
mating with andromorphs is so rare that it prevents mate choice learning.  
The above makes it unlikely that on the three observed occasions males have 
“deliberately” chosen an I. heterosticta andromorph for mating. Have they made “a 
visual mistake”? The body colour spectra and chromatic contrast calculations show 
that males can clearly distinguish andromorphs from gynomorphs based on colour. 
However, under low light conditions colour signals are variable and many insects rely 
on achromatic contrast information rather than colour to distinguish targets from a 
distance (Srinivasan 1985, Spaethe et al. 2001), as well as for motion detection, 
including mate or prey detection (Giurfa et al. 1997). Considering the higher just 
noticeable difference (jnd) values of achromatic contrast among different morphs and 
that I. heterosticta starts to form mating pairs during twilight, it is conceivable that 
under the low light condition males of I. heterosticta use achromatic contrast 
information rather than colour to detect females, and may occasionally confuse an 
andromorph for an intermediate female (see also Chapter 4). 
Detection of colour signals against vegetation 
Effective signal detection against background noise plays an important role in 
successful animal communication (Fincke 1994, Corbet 1999). Ischnura heterosticta 
are commonly found perching on green vegetation, and accurate mate detection and 
recognition thus depends on how the colour signals emitted by the different morphs 
contrast against vegetation. I calculated this contrast using the actual spectral 
discrimination ability of I. heterosticta, to determine whether they could theoretically 
detect any of their own morphs against a background of plants. The results show that 
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for I. heterosticta eyes each morph is significantly distinguishable from the vegetation 
background including the grey and intermediate females. The only exception is the 
green gynomorphs, which have chromatically a very similar reflectance spectrum to 
the vegetation. The fact that green gynomorphs are hard to distinguish from a plant 
background, explains the less frequent mating occurrences for green gynomorphs 
compared to grey and intermediate gynomorphs, as males have difficulties detecting 
the green individuals on vegetation. Individual colour variation in Odonata has been 
suggested to be an indicator for health and energy status (Watanabe and Taguchi 1990, 
Plaistow and Tsubaki 2000). Green females of I. heterosticta are thought to be young 
adults with fewer energy reserves (Chapter 2), and mating might therefore not be the 
first priority for them. They can modify their body colour to grey or intermediate 
(Chapter 3) later on, which increases their mating frequencies. 
Evolution of female colour polymorphism 
Intraspecific mate recognition is a challenge for male ischnuran damselflies as 
polymorphic females exist sympatrically, and one might argue that multiple 
photoreceptors in Ischnura have evolved to cope with this challenge – or on the other 
hand that the evolution of diverse spectral sensitivities has driven female 
polymorphism in Ischnura. Benefits and costs of females being polymorphic has been 
the matter of much debate, as a cost-benefit balance would explain why female-limited 
polymorphism exists and why it is maintained (Fincke et al. 2005, Van Gossum et al. 
2008). In I. heterosticta, andromorphs are a unique case, as they are all immature 
individuals. They maintain their blue colouration during immaturity to mimic males, 
which provides a protection against excessive long-term mating duration (Chapter 3). 
Once they reach maturity, andromorphs change their body colouration into gynomorph 
resulting in successful mating and oviposition (Chapter 3). Our present study showed 
that based on reflectance spectra and spectral sensitivity I. heterosticta males cannot 
recognize andromorphs as females and thus generally do not attempt to mate with 
them. While this is of benefit to the andromorphs during immaturity, eventually these 
individuals mature and need to mate – which they cannot achieve if they would remain 
blue. Hence, andromorphs have to change colour from male-like blue into 
gynomorphic green-grey to be recognized as mature females ready to mate. Whether 
the existence of three spectral photoreceptors in I. heterosticta is the driving force for 
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evolution and maintenance of female polymorphism in this species, and for the 
ontogenetic colour change in andromorphs remains to be investigated.  
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Molecular basis of colour vision and visual plasticity in I. heterosticta 
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7.1 Abstract 
Many animals rely on vision as their primary sense, with visual plasticity allowing 
animals to adapt to changes in their environment. Visual systems are known to adjust 
in an experience-dependent manner to changes in light conditions. A number of 
vertebrate studies, mostly in fish, have shown that ambient light triggers rapid changes 
in opsin gene expression. However, little is known about visual plasticity in 
invertebrates, in particular regarding opsin gene expression, in response to changes in 
ambient light. Here, I investigate visual plasticity in insects using the Australian blue-
tailed damselfly Ischnura heterosticta. This insect is trichromatic, uses vision as its 
primary sense, and experiences a change from an aquatic to an aerial/terrestrial light 
environment during its ontogenetic development, making it an ideal model to 
investigate visual plasticity. I identified three types of opsins (UVS, BWS, LWS) in I. 
heterosticta, which were expressed in different regions across the retina of the 
compound eye. Opsin expression changed significantly between the different 
developmental stages, with a low expression in all aquatic stages (nymphs), and a 
significantly higher opsin expression in the adult stage (aerial/terrestrial environment), 
reflecting the changes in ambient light conditions. Rearing I. heterosticta until 
adulthood under monochromatic light (UV, blue, or green wavelengths) did not induce 
changes in opsin expression in the young nymphs, in line with the fact that vision 
plays a minor role at these life stages. In the oldest nymph stage, monochromatic light 
induced significant up-regulation of opsins, however during the final molt and 
emergence to the young adult stage, opsin expression was re-set almost back to 
baseline. Mature adults subjected to 72 hours of monochromatic light again showed 
significant up-regulation of opsins. In all cases opsin up-regulation was non-specific 
and independent of the monochromatic wavelength applied, suggesting that the three 
opsins may be co-regulated. Plasticity at the molecular level was mirrored to some 
extent at the neural level (ERG recordings) with a greater neural response in the UV 
range after monochromatic light treatments. This study shows that visual plasticity 
also exists in insects, that it is based on light-induced regulation of opsin expression, 
and that it is maintained throughout development and into the adult stage likely as 
adaptation to changing light environments. 
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7.2 Introduction 
Sensory plasticity occurs in both vertebrates and invertebrates, allowing animals to 
adapt to changes in their sensory environment as they happen throughout life (Pyza 
2013). Plasticity of the sense of vision has been well investigated, and visual systems 
are known to adjust in an experience-dependent manner to changes in light conditions 
(Barth et al. 1997, Cronin and Jinks 2001, Wolfram and Juusola 2004, Audzijonyte et 
al. 2012). Opsin genes play a crucial role in visual plasticity: Different wavelengths of 
light are detected and processed in photoreceptor cells via visual pigments, which are 
composed of an opsin-gene encoded protein with a retinal chromophore. The specific 
amino acid sequence of an opsin protein correlates with the spectral sensitivity of the 
photoreceptor, and different opsin expression patterns can alter the overall light 
perception of an animal (Chang et al. 1995, Spaethe and Briscoe 2004, Hoffmann et al. 
2007, Awata et al. 2009). 
Ample studies in vertebrates, particularly in fish, have shown sex-specific differences 
in vision, and ontogenetic plasticity allows the individual to adapt to changes in the 
light environment (Fuller et al. 2005, 2010, Fuller and Claricoates 2011, Laver and 
Taylor 2011). Variation in opsin expression results in fish having better colour 
discrimination regarding foraging or mate recognition (Gamble et al. 2003). Members 
of the same species that inhabit different geographic regions regulate opsin expression 
according to ambient light environment (Fuller et al. 2004, Larmuseau et al. 2009). 
Visual plasticity can also be induced by rearing fish in artificial illumination 
environments leading to rapid changes in opsin gene expression (Fuller et al. 2010). 
Ambient light seems to be the key factor in triggering visual plasticity in vertebrates 
(Fuller et al. 2004, 2005, 2010, Larmuseau et al. 2009, Fuller and Claricoates 2011). 
In comparison, much less is known about visual plasticity in invertebrates, although 
many insect species rely on vision as their primary sense. Differential light exposure 
or chromatic deprivation alters phototactic behaviour, spectral sensitivity, photo-
transduction, and synaptogenesis in photoreceptors in flies and honeybees (Hertel 
1982, 1983, Rybak and Meinertzhagen 1997). The role of opsins has also been 
investigated, demonstrating sex differences in opsin expression in butterflies to 
facilitate sexual discrimination similar to what has been described for fish (Sison-
Mangus et al. 2006, Everett et al. 2012). Opsin expression levels in butterflies can also 
fluctuate with season, which plays a role in sex recognition (Everett et al. 2012), and 
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studies on fig wasps have shown that opsin expression depends on the absence or 
presence of light in the particular micro niche the animal inhabits (Wang et al. 2013). 
However, it is not known whether opsin expression patterns in insects change during 
ontogenetic development, whether and how rapidly opsin expression adapts to varying 
ambient light, and how opsin plasticity translates into physiological plasticity, i.e. light 
perception. 
Odonata (dragonflies and damselflies) are a useful model system to investigate 
questions of visual plasticity in invertebrates. Vision is their primary sense: they rely 
on visual cues to find prey, recognize mates, distinguish competitors, avoid predators, 
and many Odonata are known to have colour vision (see review in Corbet 1999). 
Furthermore, the life cycle of Odonata covers both aquatic and terrestrial/aerial 
environments, which come with very different light spectra. In water the spectral 
distribution is variable depending on water depth, dissolved organic matter or 
suspended sediments that may absorb or scatter wavelength and thus narrow the 
spectral composition (Partridge and Cummings 1999). On the other hand, eyes receive 
the full light spectrum from UV to long wavelength in the terrestrial/aerial 
environment that Odonata inhabit as adults. 
I investigated visual plasticity in insects at a molecular and neural level using the 
Australian common blue-tailed damselfly, Ischnura heterosticta. I. heterosticta have 
trichromatic colour vision (see Chapter 6), live as nymphs for 4-6 months in still water 
habitats, and then emerge as adults living in terrestrial/aerial habitats for another 2-3 
weeks (Theischinger and Hawking 2006, see also Chapter 2). I explore whether and 
how their visual system adapts to different light environments by comparing opsin 
gene expression patterns in the eyes of both nymphs and adults at various 
developmental stages, and after individuals have been exposed to different light 
environments. I investigate (1) whether ontogenetic variations occur in opsin gene 
expression; (2) whether ambient light is the trigger that changes opsin expression; and 
(3) whether the molecular changes translate into physiological plasticity i.e. affect 
colour vision in I. heterosticta. 
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7.3 Material and methods 
Insect rearing and sample collection  
Females were collected from mating pairs in the field (University of Queensland lakes: 
S27° 49’, E153° 01’, and Biambi Yumba park: S27° 53’, E152° 96’) and placed 
individually in a container (3x5x5 cm) with a sheet of damp filter paper for 48 hours 
for egg laying. All females were released after oviposition. Eggs laid on damp filter 
paper remained in the same container, which was filled with water 2 cm in depth and 
kept for 10 to 16 days until hatching. Groups of hatched nymphs (6-12 individuals per 
group) were then transferred to a new water-filled container (3x5x5 cm) with small 
pebbles as shelter in the bottom and fed with 2-day-old brine shrimps six days a week. 
One group of nymphs was reared under natural light (full spectrum); the other hatched 
nymphs were distributed randomly and in equal numbers to three monochromatic light 
environments, UV (383 nm), blue (460 nm) and green (515 nm) light. Light 
environments were chosen based on the maximum colour spectral sensitivities of I. 
heterosticta (Chapter 6). The specific light conditions were produced using custom-
built LED arrays installed over the containers. All light environments had similar light 
intensity (photon number: 3x10
19
 cm
-2
s
-1
). At least 200 nymphs per light environment 
were reared in groups of 6-12 individuals per container to ensure sufficient numbers of 
individuals were available for both molecular and physiological analyses.  
Nymphs of I. heterosticta take three to five months to reach the adult stage (Chapter 2). 
Nymphs were collected when their body length reached 0.8 cm (nymph stage 1: N1), 
1.2 cm (N2), and 1.5 cm (N3) corresponding to three different nymph ages for 
subsequent opsin gene expression analyses. Micro-scissors sterilized with RNase-
Away (Invitrogen) were used to dissect the eyes, which were preserved in RNA-later-
reagent (Invitrogen) and kept in a -80 °C freezer. Eyes of five nymphs at each 
developmental stage were dissected and pooled together as a replicate. Two days after 
nymphs emerged into adults (young adults: YA), eyes of five individuals were 
collected and pooled as a replicate. In total, three biological replicates were sampled 
for each developmental stage at all four light treatments. Additionally, 60 mature 
adults (36 males and 24 females) (AD) older than one week were caught from the 
above field sites, and randomly placed into the four different light treatments (15 
individuals per light treatment) for 72 hours. Afterwards their eyes were dissected and 
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pooled as described above, resulting in three biological replicates for each light 
treatment for opsin gene expression analysis. 
For the electrophysiological experiments, at least 7 individuals from each light 
treatment group were collected for the YA and AD developmental stage. Due to the 
small size of the nymphs, good electrophysiological recordings suitable for analysis 
could only be obtained from the adult stages. Electroretinogram (ERG) recordings 
from YA and AD eyes were conducted as described further below. As spectral 
sensitivity peaks between males and females are similar (Chapter 6), data from both 
genders were pooled for analysis. For the in-situ experiments mature adults (2 males 
and 3 females) were collected in the field and their eyes dissected as described below. 
RNA isolation, cDNA synthesis, and qRT-PCR amplification 
In order to investigate opsin gene expression patterns at different development stages, 
I extracted the target opsin genes from the eye samples of I. heterosticta. Eye samples 
preserved in RNA-later were transferred to TRIzol reagent (GIBCO
®
 BRL) to isolate 
RNA from the eyes following the manufacturer’s instruction (GIBCO®  BRL). Firstly, 
eyes were ground with a pestle sanitized with RNase-Away (Invitrogen) in 100µl 
TRIzol reagent, an additional 900µl TRIzol was added, and then centrifuged at 4C. 
Samples then were put through a series of chloroform, isopropyl alcohol and 75% 
EtOH treatments, and RNA pellets were dissolved in RNase-free water and stored at -
80C. RNA samples were treated with DNase I (Invitrogen) to remove genomic DNA 
first. First strand cDNA were synthesized by using SuperScript ™ III Reverse 
Transcriptase (Invitrogen, 200 units/µl) kit.  
PCR primer sequences were designed by aligning opsin gene sequences from various 
insect species including gene transcripts from Telebasis salva damselflies (Bybee et al. 
2012) (Table 7.1). BioEdit v.7.0.9.0 (Ibis Biosciences, CA) was used for aligning 
sequences, and gene-specific primer pairs were designed to conserved regions using 
Primer3 v.0.4.0 (Whitehead Institute for Biomedical Research, MA). Three types of 
opsin genes (UVS, BWS, and LWS) were identified based on homology using protein 
Blast analysis at NCBI. The translational elongation factor-1α (ef-1α) gene was 
selected as housekeeping gene to normalize the qRT-PCR data (Regier et al. 2010). 
All primer sets were designed to PCR amplify gene specific products of less than 
 125 
150bp. The melting temperature (Tm) of the primers was exceeded, therefore 60˚C was 
used to produce a single dissociation/melting curve.  
 
Table 7.1. Primer sets used for opsin gene expression in I. heterosticta. Primer 
sequences were obtained by aligning opsin gene sequences from various insect species 
from the orders Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Odonata, 
and Orthoptera.  
Primer  Opsin class Sequence (5’ - 3’) 
OdoUV_F1 UVS CTTGTGTATGAGGAGCCAGAGTC 
OdoUV_R2 UVS GACGATTCCATTCCCTGAAAG 
OdoBW_F1 BWS AAGCAGCAATCGGACTCG 
OdoBW_R2 BWS GAGCGTATCTGCTCCACCAT 
OdoLW_F1 LWS CCTCATCATCAACTTCGCC 
OdoLW_R2 LWS GAGAGATCCCCAGATGGTCA 
odoEGF1a_F1 ef-1α* GGATGCCATTCTTCCACCTA  
odoEGF1a_R2 ef-1α CCGGCTTCATAACACCAGTT 
* The translational elongation factor ef-1α was used as housekeeping gene. 
 
Quantitative reverse transcribed-PCR amplification (qRT-PCR) was conducted using a 
reaction mixture comprised of cDNA samples (1 in 5 dilution), diluted 1 µl of forward 
and reverse primers (2mM), and 5 µl Light Cycler 480 SYBR Green I Master (Roche) 
plus ddH2O to a final volume of 10 µl. Triplicate technical replicates for each reaction 
were loaded onto a 384 well plate and amplification was performed with a 
LightCycler
®
 480 (Roche). Ct values were calculated with LightCycler
®
 480 Relative 
Quantification Software, and dissociate curves for each reaction were obtained. The 
normalized expression of opsin was quantified as ΔCt = (Cttarget_gene - Cthousekeeping_gene) 
(Pfaffl 2001). In order to investigate opsin plasticity during ontogenetic development I 
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calculated the relative opsin expression level [-ΔΔCt = -(ΔCti - ΔCtN1) with i = N2, N3, 
YA, or AD] for each opsin gene (UVS, BWS, and LWS) and each developmental 
stage when individuals were kept under natural light. To investigate the effect of 
ambient light, I calculated the relative opsin expression level after monochromatic 
light treatments for each opsin gene at each developmental stage using opsin 
expression under natural light as baseline: -ΔΔCt = -(ΔCti - ΔCtnatural_light) with i = UV, 
blue, or green light. Errors for technical replicates were negligible. Means ± SD of 
biological replicates were calculated. One sample t-test was used to examine the 
fluctuations of opsin expression during development under natural light, comparing 
each stage with the youngest nymph stage (N1) as baseline standard. In addition, a two 
sample t-test was used to compare opsin expression levels directly between YA and 
AD adults reared under natural light. One sample t-test and a two way ANOVA was 
used to investigate the effect of development and ambient light on the three types of 
opsins by comparing expression levels in each developmental stage when reared under 
monochromatic light to the expression levels in the same stage when reared under 
natural light as baseline standard. Bonferroni correction was applied to account for 
multiple comparisons, and the α-value was adjusted by dividing it by the number of t-
tests performed. 
Electroretinogram recordings  
Non-invasive electroretinogram (ERG) recordings were used to measure overall 
spectral sensitivity responses of the eyes after differential light treatment. The method 
has been described in detail previously (Chapter 6). Briefly, individual I. heterosticta 
were fixed with a mixture of beeswax and resin (3:1) and two chlorinated silver wires 
were attached one to each eye to record potential differences evoked when one eye 
received light stimuli from 300 to 700 nm at 20 nm intervals. A third silver wire was 
inserted into the thorax serving as the indifferent electrode. Light stimuli were 
produced by a 150W Xenon arc lamp (Thermo Oriel, USA) with a computer-
controlled monochromator (model 7340, Oriel Instruments, USA) and delivered for 50 
ms with 5 s intervals between stimulation. Nymphs were too small to record from 
using this method; hence only adults were used for ERG recordings of their visual 
system. ERGs were recorded from 51 young adults (YA) using 12, 13, 14, and 12 
individuals that had been reared under natural, UV, blue, and green light treatments, 
respectively. ERGs were also recorded from 31 mature adults (AD) collected in the 
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field using 7, 8, 9, and 7 individuals that had been exposed for 72 hours to natural, UV, 
blue, and green light, respectively. I used t-test to examine whether the ERG results 
are significantly different between natural light treatment and monochromatic light 
treatments (pooling data from all three monochromatic treatments, as no differences 
between treatments were detected). T-tests were performed for ERG data at 360 nm 
and 520 nm, where the highest ERG peaks were recorded. As there is no significant 
difference regarding spectral sensitivities between males and females (Chapter 6), data 
from both genders were pooled for analysis. 
In-situ RNA hybridization 
The location and distribution of the three opsin genes in I. heterosticta eyes was 
determined using in-situ hybridization. Damselfly compound eyes were dissected from 
the head, and fixed in 4% paraformaldehyde (pH 7.2) for 45 minutes. Samples were 
then transferred into 30% sucrose for 30 minutes to harden the tissue, and then into a 
mixture of 15% sucrose with OCT medium for another 30 minutes. Eyes were 
sectioned serially into 20 μm slices starting at the most frontal part of the eye when 
taking into account the original eye position on the head, and following the insect's 
body axis (anterior to posterior sections in the coronal plane). Sections were prepared 
using a cryostate (Leica CM1100), and sections were stored in a -30°C freezer. 
The templates of in-situ hybridization probes for each opsin gene were from linearized 
opsin plasmids. Sense/anti-sense DIG labeled RNA probes were synthesized using a 
DIG-RNA labeling kit (Roche Applied Science, Indianapolis, IN, USA). In-situ 
hybridization procedures used an IsHyb In situ Hybridization (ISH) kit (Biochain 
Institute Inc., K2191050) following the manufacturer’s instruction. Frozen slides were 
placed into an oven at 50°C for 15 minutes to warm up, and then washed with RNAse 
free water to flush away the OCT medium. Sections were fixed with 4% 
paraformaldehyde, pH 7.2 at room temperature for 20 minutes following PBS washing 
twice for five minutes each time at room temperature. Proteinase K at a concentration 
of 10 ng/ml was used to treat the slides for 12 minutes at 37 °C, and then washed with 
PBS buffer once for five minutes at room temperature. Slides were then fixed again 
with 4% paraformaldehyde, pH 7.2 for 15 minutes at room temperature. 
The pre-hybridization solution was used to pre-hybridize the slides for 3 hours at 50°C, 
and slides were then treated with a mixture of the hybridization solution with the anti-
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sense or sense digoxigenin-(DIG)-labeled probes (specific to UVS, BWS, and LWS 
opsins) for 12-16 hours at 45 °C. Probe sequences were the same as used in the qRT-
PCR analyzes; the probes were dissolved in the hybridization buffer at 2 ng/μl in 
concentration. Slides were washed with 2x SSC (saline-sodium citrate), 1.5x SSC for 
10 minutes each at 45 °C, and 0.2x SSC 20 minutes twice at 37 °C. Slides were 
incubated with 1x blocking solution for one hour at room temperature. 
AP-conjugated anti-digoxingenin antibody was then applied to slides for 3 hours and 
slides were subsequently washed with 1x PBS for 10 minutes three times at room 
temperature. 1x alkaline phosphatase buffer was used to wash slides for five minutes 
twice at room temperature. Slides were treated with a mixture of 1x alkaline 
phosphatase buffer with NBT and BCIP for 12-18 hours to stain the sections. Finally, 
slides were washed with RNAse free water and then mounted. Sections were inspected 
using light microscope, and images of relevant sections were recorded. 
 
7.4 Results 
Opsin genes in Ischnura heterosticta 
Using sequence alignment of opsin gene sequences from various other insect species 
obtained from NCBI genebank, and gene transcript sequences from Telebasis salva 
damselflies (Bybee et al. 2012), I identified three different opsin genes in I. 
heterosticta (UVS, BWS, LWS) confirming earlier physiological results that this 
species has putative receptors required for trichromatic colour vision (Chapter 6). The 
in-situ study showed that all three opsins were clearly expressed in the retinal layer of 
I. heterosticta eyes (Fig. 7.1). 
UVS opsin was only expressed in the most distal region of the retina, i.e. close to the 
eye surface (Fig. 7.1 A, B), with expression equal in ventral, lateral and dorsal regions. 
Similarly, BWS opsin was expressed in distal retina regions (Fig. 7.1 C, D), with 
strongest expression ventrally. In contrast, LWS opsin was strongly expressed 
throughout all central and proximal areas of the retina (Fig. 7.1 E, F). 
No difference was found between male and female opsin gene expression, equivalent 
to physiological recordings that showed that colour vision in I. heterosticta does not 
differ between the sexes (Chapter 6).  
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Fig. 7.1. Localization of opsin genes UVS, BWS and LWS in the eye of I. heterosticta 
damselflies. Eyes were sectioned with a cryostat at 20 μm thickness in the vertical 
plane from anterior to posterior along the body axis. Sections were hybridized with a 
UVS probe (A, B), BWS probe (C, D), and LWS probe (E, F), respectively. The 
locations where the individual opsin genes are expressed are shown as dark purple 
stains, for detailed description see results. The depth of the sections shown is at 400 
μm (A) and 680 μm (B), 380 μm (C) and 840 μm (D), 360 μm (E) and 540 μm (F). 
The arrows in the first panel indicate the orientations of dorsal (d), ventral (v), lateral 
side (l), and head side (h), for all panels. Sections were from different individuals, both 
males and females as there are no inter-sexual differences in opsin gene expression. 
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Opsin expression changes during development 
Opsin gene expression changed significantly between the different developmental 
stages of I. heterosticta when individuals were kept under natural light (Fig. 7.2, Table 
7.2). When comparing opsin expression at each stage with expression at the earliest 
developmental stage (N1), I found similar expression levels in the second nymphal 
stage (N2), and only one notable change in the oldest nymph stage (N3) with UVS 
significantly down-regulated. All three opsins were highly upregulated in the adult 
stages compared to N1 with LWS showing highest expression followed by BWS and 
UVS. No significant differences were found in LWS and BWS opsin expression 
between the newly emerged (YA) and the mature adults (AD) (UVS: t16, 2= 4.21, 
p<0.01; BWS: t16, 2= 2.25, p=0.058; LWS: t16, 2= 1.81, p= 0.13).  
 
Fig. 7.2. Opsin expression in I. heterosticta at different developmental stages. Bars 
show the expression level differences of three opsins (UVS, BWS, LWS) in damselfly 
eyes from two nymph stages (N2, N3) and two adult stages (young adults: YA, mature 
adults: AD) determined by qRT-PCR, relative to expression in the youngest nymph 
stage N1 (value of 0) using ef-1α as endogenous control. Shown are means ± SD of 
three biological replicates each with 5 individuals per group for each replicate. (*) and 
(**) denote significant difference to opsin expression in the N1 stage at P<0.006 and 
at P<0.001 respectively (Bonferroni-corrected significance level). NS denotes no 
significant difference. For statistical detail see Table 7.2.   
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Table 7.2. Effect of developmental stage on opsin expression in I. heterosticta. One 
sample t-test comparing opsin expression levels (UVS, BWS, LWS) of different 
developmental stages with the expression levels at N1 (youngest nymph) as standard. 
All stages were reared under natural light. N1, N2, and N3 denote a nymph body 
length of 0.8, 1.2, and 1.5 cm, respectively. YA and AD are the newly emerged adults 
and mature adults, respectively.  
 UVS  BWS  LWS 
Developmental stage t(8, 2) p  t(8, 2) p  t(8, 2) p 
N2 5.21 0.013  0.523 0.614  2.21 0.057 
N3 14.17 <0.001  2.35 0.046  2.78 0.023 
YA 8.69 0.003  23.35 <0.001  32.24 <0.001 
AD 17.97 <0.001  23.39 <0.001  27.38 <0.001 
 
These results demonstrate that opsin expression in I. heterosticta is plastic undergoing 
ontogenetic changes in expression levels during development, in particular between 
the aquatic nymph stage and the terrestrial/aerial adult stage. 
 
Ambient light regulates opsin expression 
To investigate whether ambient light is the trigger for regulating opsin expression, I. 
heterosticta were reared until emergence in three monochromatic light conditions (UV, 
blue and green light). In addition, mature adults collected from the field were exposed 
to the three light conditions for 72 hours, as well as kept under natural light for 72 
hours. Opsin expression after monochromatic light treatments was compared to 
expression levels occurring under natural light for all developmental stages. 
Monochromatic light treatments resulted in changes of opsin expression levels, but 
these changes depended on the developmental stage (Fig. 7.3). Young nymphs (N1 
and N2) showed little change in opsin expressions irrespective of the light conditions 
in which they were reared, with opsins either slightly up- or slightly down-regulated 
following no particular tendency (details of statistics see Table 7.3) (Fig. 7.3). 
However, in the oldest nymph stage (N3) monochromatic light environments resulted 
in significant up-regulation of all three opsins compared to expression when reared 
under natural light (Fig. 7.3, Table 7.3). The upregulating effect of monochromatic 
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light treatments on opsin expression had all but disappeared in the next developmental 
stage. Newly emerged adults (YA) showed opsin expression levels that were only 
slightly higher than those measured after rearing in natural light, with UVS showing 
the highest expression levels in all monochromatic light treatments (Fig. 7.3, Table 
7.3). This demonstrates that opsin plasticity in I. heterosticta is indeed induced by 
changes in ambient light and that this plasticity is maintained even in mature adults. 
The overall effects of the three monochromatic light treatments UV, blue, and green 
light on opsin expressions were rather similar (Table 7.4); that is, light-induced 
changes in opsin expression showed the same general tendencies irrespective of 
treatment, and there seemed to be no specific link between a particular light treatment 
and a particular gene (Table 7.4). The effect of blue light seemed weaker overall, and 
green light seemed to induce a slightly greater upregulation, but these effects were not 
evident for all stages and all opsins. 
 
 
 
 
 
Fig. 7.3 [displayed on next page] Opsin expression in I. heterosticta after long-term 
exposure to three monochromatic light environments. (A) Exposure to UV light (383 
nm), (B) exposure to blue light (460 nm), (C) exposure to green light (515 nm). Bars 
show expression level differences of three opsins (UVS, BWS, LWS) in damselfly 
eyes from three nymph stages (N1, N2, N3) and two adult stages (young adults: YA, 
mature adults: AD) determined by qRT-PCR after exposure to monochromatic light 
environments, relative to expression under natural light (value of 0) using ef-1α as 
endogenous control. Shown are means ± SD of three biological replicates each with 5 
individuals per group for each replicate. (*) and (**) denote significant difference to 
opsin expression in the same developmental stage when reared under natural light at 
P<0.006 and at P<0.001, respectively (Bonferroni-corrected significance level). NS 
denotes no significant difference. For statistical detail see Table 7.3.   
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Fig. 7.3. Opsin expression in I. heterosticta after long-term exposure to three 
monochromatic light environments. (A) Exposure to UV light (383 nm), (B) exposure 
to blue light (460 nm), (C) exposure to green light (515 nm). For statistical detail see 
Table 7.3 [for full legend see previous page].  
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Table 7.3. Effect of ambient light on opsin expression in I. heterosticta. One sample t-
test comparing opsin expression levels (UVS, BWS, LWS) of different developmental 
stages reared under three different monochromatic light conditions with the expression 
levels of the same stages reared under natural light as standard. N1, N2, and N3 denote 
a nymph body length of 0.8, 1.2, and 1.5 cm, respectively. YA and AD are the newly 
emerged adults and mature adults, respectively.  
Light 
treatment 
Develop. 
stage 
UVS  BWS  LWS 
t(8,2) p  t(8,2) p  t(8,2) p 
UV light N1 0.398 0.706  2.57 0.033  2.04 0.07 
 N2 3.40 0.019  2.04 0.07  1.41 0.195 
 N3 22.21 <0.001  16.28 <0.001  6.017 <0.001 
 YA 3.65 0.006  2.16 0.062  2.72 0.026 
 AD 4.58 <0.001  5.12 <0.001  6.04 <0.001 
Blue light N1 3.52 0.016  1.31 0.22  0.75 0.47 
 N2 6.47 0.0013  1.90 0.09  0.05 0.95 
 N3 25.69 <0.001  9.01 0.0028  7.12 <0.001 
 YA 6.88 <0.001  1.04 0.32  5.55 0.0005 
 AD 5.04 <0.001  6.91 <0.001  5.92 <0.001 
Green light N1 21.56 <0.001  0.30 0.76  1.74 0.119 
 N2 5.23 0.0033  1.84 0.108  1.411 0.195 
 N3 14.86 <0.001  24.76 <0.001  5.67 0.0023 
 YA 6.18 <0.001  2.46 0.039  5.76 <0.001 
 AD 3.82 <0.001  5.47 <0.001  5.21 <0.001 
 
Table 7.4. Two way ANOVA examining the effect of developmental stage 
(development) and monochromatic light treatment (light) on expression levels of 
opsins (UVS; BWS; LWS) in I. heterosticta.  
 UVS  BWS  LWS 
Factor F-ratio(df) P  F-ratio(df) P  F-ratio(df) P 
Development 665.84 (4) <0.001  68.06 (4) <0.001  133.04 (4) <0.001 
Light 1.707 (2) 0.186  0.92 (2) 0.38  15.21 (2) <0.001 
Development 
* Light 
3.952 (8) <0.001  0.96 (8) 0.465  16.01 (8) <0.001 
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Opsin plasticity translates into physiological plasticity 
To investigate whether the changes in opsin gene expression translated into plasticity 
of light perception, electroretinograms (ERG) were recorded from the two adult stages 
after all light treatments. When kept under natural light, both newly emerged adults 
(YA, Fig. 7.4 A) and mature adults from the field (AD, Fig. 7.4 B) showed the typical 
spectral response curve with high sensitivity to green light with a primary peak at 520-
540 nm, and secondary peaks in the ultraviolet (360 nm), confirming previous work 
showing that I. heterosticta is trichromatic (Chapter 6). 
 
Fig. 7.4. Electroretinogram (ERG) recordings from eyes of adult I. heterosticta. (A) 
ERG curves from eyes of young adults that were reared in UV (n=13), blue (n=14), 
green (n=12), or natural (n=12) light environments. (B) ERG curves from mature 
adults collected in the field and exposed for 72 hours to UV (n=8), blue (n=9), green 
(n=7), or natural (n=7) light. Data pooled from equal numbers of males and females.  
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After treatment with monochromatic light, ERG response curves changed in both YA 
and AD, with the same changes recorded for all three treatments. When reared under 
monochromatic light, young adults displayed fairly similar ERG response curves to 
those obtained after rearing under natural light. The only distinct difference was in the 
UV range (360nm, t(49)= 10.69, p< 0.01), where individuals that had received 
monochromatic light treatments showed a higher response than those kept in natural 
light (Fig. 7.4 A). This is consistent with the fact that UVS showed the highest up-
regulation in YA after monochromatic light treatments (Fig. 7.3). Mature adults that 
were exposed to monochromatic light for 72 hours also showed higher responses in 
the UV range compared to the ERG responses recorded after natural light exposure 
(360nm, t(49)= 6.71, p< 0.01) (Fig. 7.4 B), consistent with upregulation of UVS after 
monochromatic treatment. No significant change in ERG response was recorded in 
either young or mature adults in the blue and green spectral range, although both BWS 
and LWS were significantly upregulated in AD after treatment with monochromatic 
light (Fig. 7.3) (520nm: YA, t(49)= 1.15, p= 0.065; AD, t(49)= 0.74, p= 0.11). 
 
 
7.5 Discussion 
I have identified three opsin genes in I. heterosticta confirming that this damselfly 
species is indeed trichromatic (see Chapter 6). This study also provides first evidence 
that visual plasticity in insects occurs ontogenetically, that it is linked to changes in 
opsin gene expression and that ambient light may be the crucial trigger to induce opsin 
plasticity. I also provide evidence that it can translate to some extent into physiological 
plasticity of light perception. 
Ontogenetic visual plasticity in insects 
Under natural conditions, opsin expression levels in the nymphal stages of I. 
heterosticta are comparatively low consistent with their aquatic lifestyle. Odonata 
nymphs live submerged in often-murky water with foraging being their most 
predominant task. Nymphs use both visual receptors and mechanoreceptors for 
foraging (Corbet 1999), but young nymphs tend to detect prey mostly via movement 
using mechanoreceptors with vision playing a negligible role (Sherk 1977, Corbet 
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1999, Mortensen and Richardson 2008). This could explain the low opsin expression 
levels at early nymphal stages of I. heterosticta. When nymphs grow larger, vision 
becomes more important for prey capture, particularly for daylight predation (Rowe 
1994, Pritchard 1966, Sherk 1977, 1978, Corbet 1999). Additionally, predators can 
detect nymphs more easily as they grow bigger; hence developing their sense of vision 
at this stage may be crucial for larger nymphs to avoid predation. I would have 
expected to see this reflected in increased opsin expression at nymphal stage N3 under 
natural conditions. However, the artificial environment in the laboratory where the 
overall light intensity is lower than in the field might have led to lower than expected 
opsin levels in N3, including the down-regulation of UVS (Fig. 7.2). The fact that N3 
nymphs (but not N1 and N2 nymphs) show significant up-regulation of opsins when 
stimulated with monochromatic light, suggests that at this stage their visual system 
may indeed be primed to adapt to environmental requirements such as optimizing 
visual prey detection and predator avoidance. 
All opsins are significantly up-regulated once I. heterosticta morph into adults and 
move from aquatic into a terrestrial/aerial habitat. This is consistent with the fact that 
in adult damselflies vision is the primary sense for both foraging and reproduction 
with colour vision playing a crucial role in mate recognition and sexual selection (Van 
Gossum et al. 2011, Schultz et al. 2008, see Chapter 3 and Chapter 6). The ontogenetic 
plasticity of opsin expression in I. heterosticta seems linked to the change from 
aquatic to terrestrial/aerial habitat similar to what is known from vertebrates. A 
number of fish species display ontogenetic opsin plasticity when migrating to different 
habitats with different ambient light conditions, e.g. moving to different water depths, 
or from fresh water to salt water (Douglas 2001, Partridge and Cummings 1999, 
Cottrill et al. 2009). The LWS opsin is always the most highly expressed opsin in adult 
I. heterosticta eyes, followed by BWS and UVS. This finding is congruent with 
physiological studies showing that the number of UV photoreceptors in I. heterosticta 
is lower than the number of blue and green photoreceptors (Chapter 6). Our in-situ 
hybridization study further confirms this, showing that LWS opsin is strongly 
expressed in most of the retina from middle to proximal regions, but UVS and BWS 
are expressed only in the distal edge of the retina. 
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Light environment as trigger for visual plasticity 
When damselflies were exposed to monochromatic light environments in the 
laboratory, opsin expression changed significantly demonstrating that ambient light 
may be a crucial stimulus triggering opsin plasticity in this insect. Importantly, the 
monochromatic light environment applied was equally as bright as the natural light 
environment and thus the upregulation of opsins was not simply due to lower light 
levels. Light-induced opsin plasticity has also been observed in other animals, in 
particular fish where rearing in artificial light leads to rapid changes in opsin gene 
expression (Fuller et al. 2010). Wavelength-specific environments not only affect 
opsin expression in fish, but also their photoreceptors, changing the frequency and 
morphology of corresponding cones (Kröger et al. 1999, Kröger et al. 2003, Wagner 
and Kröger 2000, Wagner and Kröger 2005). For example, when fish are reared in 
short wavelength-reduced conditions, the proportion of long wavelength-sensitive 
cones increases (Shand et al. 2008). Visual sensitivity in fish is generally increased in 
the region of the spectrum where light is abundant in aquatic environments (Hofmann 
and Carleton 2009).  
Experience with different light environments has also been shown to induce visual 
plasticity in invertebrates by altering light sensitivity, which has been investigated on a 
behavioural and physiological level (Deimel and Kral 1992, Hertel 1982, 1983, 
Mimura 1986). Our study shows that one of the major components controlling visual 
sensitivity, namely the opsin genes, alter their expression also in insects in response to 
variations of the ambient light. When damselflies were exposed to deprived light 
environments consisting of only one wavelength of light (monochromatic) it induced 
up-regulation of all opsins compared to natural light. Opsin upregulation was non-
specific, i.e. it was independent of the monochromatic wavelength applied, suggesting 
that in my study species the three opsins may be co-regulated. Alternatively, 
monochromatic light might present a rather extreme environment of visual deprivation 
requiring broadband sensory compensation through upregulation of all opsins, to help 
maintain visual constancy under deprived light conditions. 
While ambient light seems to trigger opsin plasticity in I. heterosticta as a species, it 
did not occur in all developmental stages or at the same level. It is not surprising that 
opsin expression in the young nymph stages N1 and N2 is not affected by light 
environment considering that vision plays only a minor role at these stages (Sherk 
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1977, Corbet 1999, Mortensen and Richardson 2008). The most significant 
upregulation of opsins occurred at the oldest nymph stage N3, highlighting that at this 
stage vision may have become increasingly important for prey detection and predator 
avoidance (Rowe 1994, Pritchard 1966, Sherk 1977, 1978, Corbet 1999), and the 
visual system may now be 'primed' to plastically respond to environmental changes. 
Surprisingly, after the final molt and emergence into the adult form (YA), opsins were 
no longer upregulated or at least only slightly. Why did opsin expression return to 
baseline levels in young adults regardless of the light environment experienced as 
nymphs? The nervous system of insects is profoundly reorganized during 
metamorphosis (Tissot and Stocker 2000, Friedrich 2003). During this process the 
compound eye of a nymphal dragonfly is wholly or largely replaced with the 
compound eye of the adult form (Lew 1933, Norling 1984). Therefore, all opsin-
encoded proteins that are expressed in the photoreceptors of the eye also need to be 
're-set' during metamorphosis, which could explain the return to baseline levels of 
opsin expression in newly emerged adults of I. heterosticta. Re-setting opsin levels 
after emergence might be crucial for adult damselflies in order to visually adapt to 
their new terrestrial/aerial habitat, which provides very different light conditions, and 
in order to cope with the new visual challenges and tasks of an adult regarding 
foraging and reproduction. 
Importantly, visual plasticity at the molecular level is maintained throughout 
adulthood in I. heterosticta. Mature adults caught in the field still show upregulation 
of opsins when exposed to deprived light environments for only a couple of days. 
Again, all opsins are upregulated irrespective of wavelength treatment, suggesting a 
general compensatory mechanism in order to maintain sufficient visual capacity 
regarding object discrimination. Rapid visual plasticity in response to light 
environment could be important for adult damselflies as their microhabitat changes. 
Shortly after emergence, the immature adults of certain species including I. 
hetreosticta fly away from their reproductive site and spend the first few days hiding 
among dense vegetation to avoid unnecessary sexual conflicts (Corbet 1999). Once 
they reach maturity, they return to the open habitat near water for reproduction. Opsin 
plasticity enables adult damselflies to rapidly adapt to changes in light conditions 
between the different habitats.  
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Opsin expression affects light perception 
Plasticity at the molecular level is mirrored to some extent at the neural level in I. 
heterosticta with light-induced plasticity of opsin expression translating into 
physiological plasticity. However, this was only observed for certain spectral ranges. 
After treatment with monochromatic light, young adults (YA) showed higher 
sensitivity only in the UV range, corresponding to the fact that UVS was the only 
opsin that showed consistent upregulation (Fig. 7.4 A). Surprisingly, mature adults 
(AD) also showed higher responses only in the UV range when they were treated with 
72 hours of monochromatic light conditions, although in AD all opsins were 
significantly up-regulated. This might be due to the fact that the number of UV 
photoreceptors in I. heterosticta eyes is relatively low compared to blue and green 
photoreceptors (Chapter 6). Therefore any slight variation in UVS expression would 
be of relatively greater impact and might result in noticeable changes in sensitivity 
compared to variations in LWS and BWS, which are generally more highly expressed. 
Notably, when damselflies were reared or kept for 72 hours under natural light in the 
laboratory, the relative response in the UV range was lower for both YA and AD 
compared to the response recorded from individuals that were collected in the field 
and not kept in the laboratory (Chapter 6). This might be due to the overall lower UV 
light intensity in the laboratory compared to the field, and is in line with our earlier 
observation of UVS down-regulation in the N3 nymphal stage when reared in the 
laboratory under natural light (Fig. 7.2). 
Outlook 
This study has shown that the visual system of insects can be highly plastic throughout 
developmental and adult stages, responding rapidly to environmental light changes via 
regulating opsin gene expression. Visual plasticity like all sensory plasticity is crucial 
for survival not only of an individual but for the species as a whole. Sensory and brain 
plasticity has evolved to adapt to ever-changing environments. It is an ability that is 
increasingly important for an animal's fitness and survival considering the effects of 
climate change and global warming on the environment including natural animal 
habitats. Only animals such as insects that have the capacity to quickly and plastically 
respond to environmental changes via adapting their sensory systems will continue to 
thrive in a changing world. 
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8.1 Motivation 
Odonata (damselflies and dragonflies) are predominantly visual animals, with other 
senses such as olfaction playing a minor role. For example, motion vision is essential 
for predation and predator avoidance (Olberg et al. 2000), and colour vision is 
assumed to play a crucial role for mate recognition and reproduction in many 
damselfly and dragonfly species (Gorb 1998, Schultz et al. 2008, Van Gossum et al. 
2011). The diverse colour patterns found in many damselfly species suggest that these 
insects have acute colour vision and may use colour signals for sexual communication. 
Indeed, numerous studies have investigated various aspects of colour vision and colour 
signalling in damselflies, as well as the role and evolution of female colour 
polymorphism (Hinnekint 1987, Robertson 1985, Gorb 1998, Fincke et al. 2005, 
Schultz et al. 2008, Van Gossum et al. 2011). However, there was no single damselfly 
study to date demonstrating colour vision on a physiological and molecular level, and 
at the same time providing the fundamental behavioural and ecological evidence for a 
functional role of body colours as visual signals in the same species. Therefore, the 
motivation for my thesis was to conduct a first comprehensive investigation of colour 
vision and colour signals in the polymorphic damselfly Ischnura heterosticta in an 
ecological context, by integrating field observations, behavioural experiments, 
electrophysiological recordings, and molecular data. 
 
8.2 Overview of findings 
The overall findings show that colour indeed plays a crucial role in this species' 
sensory ecology and reproductive biology. I provide important new evidence 
supporting the notion that I. heterosticta has colour vision and that it depends on the 
colour signals emitted by female and male body colouration to distinguish the opposite 
sex and to identify appropriate mating partners. Each study described in this thesis 
investigated a new aspect of I. heterosticta visual ecology and sensory neurobiology, 
with the individual chapters building on each other, progressing from field 
observations to behavioural experiments, then to histological and electrophysiolgoical 
studies, and finishing with a molecular exploration of colour vision in I. heterosticta.  
The first study (Chapter 2) used field observations to describe the reproductive biology 
and daily activity patterns of I. heterosticta in its natural habitat, providing essential 
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biological knowledge for the subsequent chapters. The various female morphs of I. 
heterosticta are described in detail, ranging from blue (andromorph) to green and 
green-grey (gynomorph), and male preference for gynomorphic females was recorded 
for the first time. Mating in I. heterosticta was found to last several hours, suggesting 
that time and energy costs involved as well as predation risks can be significant for 
gynomorph females. This naturally raised the question of costs and benefits of being a 
preferred (gynomorph) or non-preferred (andromorph) mating partner, and why the 
two female morphs have evolved and continue to co-exist in this species, which is 
discussed further below. Crucially, I also discovered that mating in I. heterosticta 
mostly occurs in the early morning hours, which had implications regarding colour 
vision and use of colour signals under different ambient light conditions that were 
further investigated in Chapters 4 and 6. 
I then discovered that several days after emergence blue andromoph females change 
colour to green-grey. This drastic colour change happens within 24 hours, is 
independent from external factors and irreversible. The colour change phenomenon 
was investigated in the next study (Chapter 3) using detailed behavioural experiments. 
I found that andromorphs were in fact the sexually immature female form based on 
their empty spermatheca and very low egg count compared to gynomorphs. Once 
sexually mature, all andromorphs turned into gynomorphs, hence colour 
polymorphism in I. heterosticta is a functional one, distinct from other damselfly 
species where mature polymorphic females coexist (Cordero 1990, Van Gossum et al. 
1999, Takahashi and Watanabe 2010). Andromorphs were mostly ignored by males 
when it came to mating, but in turn were more frequently harassed in a territorial 
context. This suggested that males might mistake blue andromorphs for other males 
and not recognize them as potential mates, providing the first indication that in I. 
heterosticta body colour signals sexual maturity in females and that males may indeed 
use colour as visual cue for mate choice and sexual selection. 
This hypothesis was validated in the next study (Chapter 4), by artificially 
manipulating female body colouration during mate choice experiments in the 
laboratory. I found that mating preferences of experienced male I. heterosticta was 
always strongly biased towards the green female morph irrespective of whether the 
females were naturally green or artificially painted green. Males ignored blue females, 
no matter whether they were true andromorphs or were gynomorphs that had been 
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painted blue. This finding strongly suggested that body colour is indeed the principal 
cue for mate recognition in I. heterosticta, and that female body colouration serves as 
an honest and reliable signal during mate choice. Interestingly, experienced males 
were unable to change their preference and learn to accept blue females as mating 
partners, even when blue females were the dominant morph in a population and males 
were "forced" to interact with blue females. This suggests that in contrast to other 
Ischnura damselflies where learnt mate recognition has been reported (Van Gossum et 
al. 2005) in our study species male mating preference for green females may be innate 
and hard-wired, however futher evidence is needed to support this hypothesis. The 
only situation where males mated occasionally with blue females was under dim 
ambient light, such as the early morning hours before sunrise, when colour cues are 
not useful and the insects may rely on achromatic cues rather than colour. 
The behavioural evidence that colour is used as visual signal for mate recognition was 
corroborated by the next studies investigating the existence of colour vision in I. 
heterosticta. First, I used histological methods (Chapter 5) to explore the anatomy of I. 
heterosticta compound eyes. Histological sections indicated the presence of several 
retinula cells that differ in length and are distributed along the ommatidium, equivalent 
to the eight retinula cells found in the eye structure of related Ischnura species 
(Ninomiya et al. 1969, Meyer and Labhart 1993). The existence of multiple retinula 
cells gave the first indication that I. heterosticta eyes have several different spectral 
sensitivities. 
The subsequent electrophysiological study (Chapter 6) identified three spectral 
photoreceptor types in both male and female I. heterosticta eyes, able to detect UV, 
blue, and green wavelengths of light, thus providing the crucial physiological evidence 
that I. heterosticta have trichromatic colour vision. I also measured body colour 
reflectance of all morphs and showed that this species' colour vision is matched to the 
colour signals, enabling I. heterosticta to distinguish the colour variations between 
males, immature blue females and mature green-grey females. A model was used to 
confirm that the different colour morphs can indeed be discriminated against each 
other and against the vegetation based on colour contrast. The only factor that might 
influence male mate recognition ability is ambient light. Under dim light environments 
many insects, including damselflies, depend on achromatic cues rather than colour to 
identify objects (Srinivasan 1985, Spaethe et al. 2001). Under low illumination when 
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relying on achromatic contrast only, I. heterosticta's visual system can indeed 
distinguish between blue andromorphs and males, explaining the occasionally 
observed matings between males and blue andromorphic females in the early morning 
hours when light irradiance is dim. This finding further supported the results from 
Chapter 4, showing that males only mated with andromorphs under dim light. 
The last study (Chapter 7) used molecular approaches to provide the final piece of 
evidence for colour vision in I. heterosticta. I identified three types of opsin genes 
(UVS, BWS, LWS) in different regions across the retina of I. heterosticta eyes, 
corresponding to the three wavelengths of light UV, blue and green light, confirming 
that this species is trichromatic. Given the importance of ambient light environment 
for colour vision, and the fact that I. heterosticta experiences drastic changes in light 
environment between the aquatic stage (nymph) and the terrestrial/aerial stage (adult), 
I also investigated whether the molecular basis of colour vision in this species is 
plastic. Indeed, I found that opsin expression changed significantly between the 
different developmental stages, reflecting the changes in ambient light conditions. 
Rearing or keeping I. heterosticta under monochromatic light also induced changes in 
opsin expression, demonstrating that the visual system of I. heterosticta is highly 
plastic quickly adapting to the ambient light environment. This study showed that 
visual plasticity also exists in insects, that it is based on light-induced regulation of 
opsin expression, and that it is maintained throughout development and into the adult 
stage likely as adaptation to changing light environments. Taken all findings together, 
my thesis provides the first comprehensive study of colour vision and its functional 
role in detecting colour signals during mate choice in polymorphic damselflies. 
 
8.3 Implications of findings 
Maintenance of female-limited polymorphism 
Numerous hypotheses have been proposed in the last four decades to explain the 
maintenance of female-limited polymorphism in various ischnuran damselflies (see 
Table 1.1, Chapter 1). Sexual selection, particularly the role of male-like andromorphs 
was a focus of interest in both behavioural and evolutionary research. Sexual conflict 
over mating rates is considered as the main force for maintenance of colour 
dimorphism or colour polymorphism (Robertson 1985, Cordero et al. 1998). When 
 151 
female morph frequencies (either andromorphs or gynomorphs) vary in a population, 
males tend to change their mating preferences accordingly, shifting from gynomorphic 
type to andromorphic or vice versa depending on which morph is the most dominant in 
the population (frequency-dependent hypothesis, Van Gossum et al. 2001). Previous 
male courtship experience or encounters with the different female morphs can also 
affect male mate preferences in damselflies, which is known as learnt-mate 
recognition (LMR, Van Gossum et al. 2005). 
In I. heterosticta female morph frequencies seem to have little impact on male mate 
preferences, nor do previous male-female interactions and prior mating experience 
seem to influence male mating propensity. I. heterosticta displays functional 
polymorphism (Fincke et al. 2005): when immature, all females are blue andromorphs, 
and with reaching sexual maturity they all change into green-grey gynomorphs. Hence, 
body colour in I. heterosticta functions as a signal for sexual status: it helps immature 
blue females avoid unnecessary matings, and signals readiness to mate by the females 
changing colour to green once they are sexually mature. This thesis demonstrates 
functional polymorphism in I. heterosticta for the first time, and provides evidence 
that the colour change serves as communication signal. However, from an 
evolutionary perspective it is possible that the colour change from andromorph to 
gynomorph also is the mechanism underlying maintenance of female-limited 
polymorphism in I. heterosticta. 
All previous hypotheses regarding maintenance of female-limited polymorphism have 
one point in common, namely that both female morphs eventually need to secure 
matings with males in order to fertilize the eggs and produce offspring. This applies 
irrespective of whether andromorphs or gynomorphs are the dominant or minor morph 
in a population, and whether they live in a high or low-density population (Hinnekint 
1987, Miller and Fincke 1999, see Chapter 1 for details). However, in functionally 
polymorphic species such as I. heterosticta this is not the case: blue andromorphs are 
actually sexually immature, and all findings indicate that they use their body colour to 
avoid matings, i.e. as a barrier to prevent males identifying them as females and 
suitable mating partners. This hypothesis is supported by the fact that body colour 
reflectance of immature blue females and males of I. heterosticta were very similar, 
and chromatic contrast differences cannot be detected by their visual system (see 
Chapter 6). Given that there are only very few occasions that males mistakenly mate 
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with andromorphs under dim morning light when chromatic cues are not used (see 
Chapter 4), the male-mimicry works well protecting andromorphs during immaturity 
and giving them sufficient time to forage and build resources. However, eventually 
blue andromorphs need to mate to reproduce and the only way to achieve this is to 
change body colouration to green-grey and become a gynomorph. The change in 
female body colouration thus serves as signal to advertise sexual maturity and 
readiness to mate, resulting in successful reproduction. If andromorphs maintained 
their blue colour even during maturity, they would not achieve sufficient numbers of 
matings and the blue female morph would eventually disappear. Hence, I propose that 
in I. heterosticta female-limited polymorphism is maintained through an obligatory 
change in body colouration when andromorphs reach sexual maturity coupled with the 
innate, hard-wired male mating preference for green gynomorphs. 
Visual plasticity and adaptation to changing environments 
In addition to demonstrating the existence of the colour vision in I. heterosticta, I also 
provide the first evidence for visual plasticity in this species based on light-induced 
changes in opsin gene expression. Changes in sensory perception associated with 
development or environment is known to occur in many species, however only 
recently new research has shown how sensory experience modifies the underlying 
molecular mechanisms (Claudianos et al. 2014). In this study, experience with specific 
odours plastically regulated expression of the relevant olfactory receptor genes in 
honeybee antennae. My new findings regarding changes in opsin expression in 
damselfly eyes after experience with different wavelengths of light not only confirm 
this paradigm, but extend it to another sensory modality: vision. Clearly, exposure to 
specific sensory stimuli can have a significant effect on expression of the relevant 
receptor molecules, which in turn impacts on how sensory stimuli are perceived. This 
ability to respond plastically to the sensory environment is crucial for animals that 
have to manage changing environments during their lifetime, including damselflies.  
The life cycle of Odonata includes both aquatic and terrestrial/aerial environments, 
and the light irradiance spectrum varies dramatically between these two habitats. My 
molecular study clearly shows that different light conditions induce changes in opsin 
expression in I. heterosticta, and as a consequence also modify physiological 
responses of the eye to different wavelengths of light. Surprisingly, opsin expression 
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patterns were non-specific, i.e. they were independent of the conditioning wavelengths 
applied, suggesting that in this species the three opsins may be co-regulated. Generally 
opsins were upregulated under limited light environments such as monochromatic 
light, indicating that the visual system may respond by maximizing its light detection 
abilities under sensory stress. 
One discovery was that opsin expressions seemed to be 're-set' once I. heterosticta 
nymphs emerged as adults irrespective of the previous light treatments they received 
as nymphs. Hence, metamorphosis does not only changes the morphology of the body; 
it may also re-shape the neural and molecular visual anatomy in I. heterosticta. The 
metamorphosis process seems to re-tune their visual system to meet the requirements 
for the wide-spectrum areal/terrestrial light environment in nature. Importantly, 
nymphs were not the only group showing visual plasticity in response to changes in 
light conditions, but adult I. heterosticta collected in the field also display rapid 
changes in opsin expression after exposure to different light wavelengths. That is, 
visual plasticity in this species is maintained throughout life.  
Visual plasticity enables both nymphs and adults of I. heterosticta to adapt to light 
environment changes in a comparatively quick way. These may occur on a small scale 
within their habitat when moving from murky water to more light-exposed areas as 
growing nymphs, or from hiding in dense vegetation as newly emerged individuals to 
the open water habitat as mature adults. Their dynamic visual system may also 
facilitate detection and recognition of mating partners in a more efficient way, 
however this remains to be investigated by linking the light-conditioning and 
molecular experiments with subsequent behavioural tests on mate choice. Last but not 
least, considering the effects of global warming leading to inevitable changes in 
temperature and light conditions, visual plasticity may ensure that I. heterosticta can 
adapt and survive as a species in our changing environment. 
Having established the existence of visual plasticity in I. heterosticta, it would now be 
particularly interesting to conduct a comparative study on damselfly species from 
temporal, subtropical, and tropical areas. The light irradiance spectra and daylight 
durations vary significantly in these different habitats: whether and how light 
environment induces visual plasticity and/or affects visual discrimination abilities in 
other damselfly species remains to be investigated. 
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8.4 Conclusion and future directions 
This thesis provides the first comprehensive study examining the role of colour vision 
in a functionally polymorphic damselfly species, I. heterosticta. However, it remains 
to be seen whether the findings can be applied to other Ischnuran damselflies, in 
particular those that have immature and mature individuals for both andromorph and 
gynomorph forms, e.g. I. elegans in Europe. The visual challenge presented by mate 
choice in this group of Ischnuran damselflies is different from that of I. heterosticta. 
Males of I. heterosticta have only one type of innate, hard-wired search-image 
(namely gynomorphs) when trying to locate suitable mating partners. In other 
Ischnuran damselflies, males are confronted with multiple mature female morphs 
occurring simultaneously in a territory. Furthermore, a male's previous experience 
and/or a change in the dominant female morph in a population may require a shift in 
male mate preference. How males recognize and choose female mating partners in 
different Ischnuran species, i.e. the male mate choice strategies are still a matter of 
much debate. As this thesis has shown, comprehensive investigations into damselfly 
visual abilities in relation to reproductive behaviour can provide new insights and 
possibly even the answers to key questions regarding mate choice strategies and sex-
limited polymorphism in damselflies. 
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